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“Scientific knowledge is a body of statements of varying degrees of certainty – 
some most unsure, some nearly sure, but none absolutely certain.” 
Richard P. Feynman – The Value of Science (1918 – 1988) 
  
SUMMARY 
Paulo Edmundo da Fonseca Freire 
 
Electrical Engineer (1978) with a Master of Science degree in Power Systems (1984) by the 
Pontifícia Universidade Católica do Rio de Janeiro. Forty years of experience in electrical 
engineering, with emphasis on grounding electrodes design for HVDC transmission systems, 
and study/design of grounding and lightning protection systems for transmission lines, high-
voltage substations, industrial and commercial installations in medium- and low-voltage 
installations, telecommunication infrastructure and transport systems (railway, subway and 
monorail). Interference studies of AC/DC systems in transmission networks, telephone lines 
and metallic pipes. Design of electrical infrastructure (power supply, grounding and lightning 
protection) for electronic equipment installations (data processing, communications, 
supervisory and control systems). Railroad electrification studies. Short-circuit studies, power 
flow and transient stability for transmission and for industrial systems. Induction motor 
starting studies. for industrial plants. Static compensator modeling in transient stability 
software. Measurement and analysis of electrical parameters (grounding resistance and 
ground resistivity, magnetic fields, power, currents and voltages at fundamental frequency 
and harmonics). Instructor and speaker in technical courses and events. Twenty-five papers 
presented in technical events in Brazil and abroad (USA, South Africa, Canada and France). 
Development of computer software in Fortran for calculations and simulations in the several 
above-mentioned areas. 
 
  
ABSTRACT 
 
A HVDC transmission system comprises two Converter Substations, interconnected by the HVDC 
line, each one requiring a separate grounding electrode for its DC switchyard, which usually is located 
from 15 km to 150 km away and connected by means of the electrode line. HVDC electrodes allow for 
cost reduction and add reliability to the energy transmission system. 
The electrodes usually dissipate into the ground the unbalance current of the bipole, about 20 A to 40 
A. In case of the loss of one pole of the HVDC line, the energy can be transmitted by the remaining 
pole with ground return, using grounding electrodes for the injection into the ground currents that may 
reach almost 4 kA, which may produce interferences within a wide area, depending on the tectonic 
setting. The electrodes Site Selection shall be carried up within a radius of some tens of kilometers 
around the substations at the two ends of the HVDC line. The best site at each end is the one with the 
geoelectric structure that presents lower resistivities, from soil surface down to at least mid-crust. 
This thesis presents the development of the 1D geoelectric model for the South electrode of Rio 
Madeira HVDC system, bipole 1, located at Araraquara, in the Paraná Sedimentary Basin, South of 
Brazil. The electrode is constituted by an approximately rectangular ring of wells (about 820 m x 560 
m), each one lined with steel pipes with varying depths, between 20 m to 40 m deep. The geoelectric 
model shall represent the average of the shallow ground, down to the depth of the wells, combined 
with a deep model, down to the mid-crust. The modeling of the shallow ground was developed from a 
Schlumberger survey and from the induction profiling of monitoring wells drilled in the site. The deep 
model was built from a magnetotelluric (MT) survey.  
The models are improved along the project, as more geophysical and geotechnical data are surveyed. 
The design model has a final adjustment after the electrode commissioning, because the measured 
electrical performance allows for a complementary adjustment of the MT static deviation. An 
independent measurement of pipe-to-ground potential was done at the Bolivia-Brazil pipeline, 26 km 
away from the electrode, which was compared with the potential calculated from the electrode 
simulation using the final geoelectric model, with both values presenting good compatibility. 
 
Key Words: Electric power transmission – Direct current, Electric currents – 
Grounding, Earth – Crust, Geological modeling. 
 
  
RESUMO 
 
Um sistema de transmissão HVDC é composto por duas Subestações Conversoras, interligadas pela 
linha HVDC, cada uma com um eletrodo de aterramento separado do seu pátio CC, geralmente 
localizado de 15 km a 150 km de distância e conectado por meio da linha do eletrodo. Os eletrodos 
HVDC proporcionam redução de custos e agregam confiabilidade ao sistema de transmissão de 
energia. 
Os eletrodos geralmente dissipam na terra a corrente de desequilíbrio do bipolo, entre 20 A a 40 A. No 
caso de perda de um polo da linha HVDC, a energia pode ser transmitida pelo polo remanescente com 
retorno pela terra, utilizando os eletrodos de aterramento para a injeção de correntes que chegar a 
quase 4 kA, o que pode resultar em interferências em uma área ampla, dependendo da estrutura 
geológica. A seleção dos locais de construção dos eletrodos deve ser realizada dentro de um raio de 
algumas dezenas de quilômetros ao redor das subestações, nas duas extremidades da linha HVDC. O 
melhor local em cada extremidade é aquele que apresenta a estrutura geoelétrica com resistividades 
mais baixas, desde a superfície do solo até pelo menos o meio da crosta. 
Esta tese apresenta o desenvolvimento do modelo geoelétrico 1D para o eletrodo sul do sistema 
HVDC do Rio Madeira, bipolo 1, localizado em Araraquara, na Bacia Sedimentar do Paraná, sul do 
Brasil. O eletrodo é constituído por um anel aproximadamente retangular de poços (cerca de 820 m x 
560 m), cada um revestido por tubos de aço com profundidades variáveis, entre 20 m e 40 m de 
profundidade. O modelo geoelétrico deve ser representativo da média do solo raso, até a profundidade 
dos poços, combinada com um modelo profundo. A modelagem do solo raso foi desenvolvida a partir 
de uma campanha de sondagens Schlumberger e da perfilagem por indução de poços de 
monitoramento perfurados no local. O modelo profundo foi construído a partir de uma campanha 
magnetotelúrica (MT). 
Os modelos geoelétricos são aprimorados ao longo do projeto, à medida que mais dados geofísicos e 
geotécnicos são obtidos. O modelo de projeto tem um ajuste final após o comissionamento do 
eletrodo, pois o desempenho elétrico medido permite um ajuste complementar do desvio estático da 
curva de resistividades aparentes MT. Uma medição independente do potencial tubo-solo foi feita no 
gasoduto Bolívia-Brasil, a 26 km do eletrodo, sendo o valor medido comparado com o potencial 
calculado a partir da simulação do eletrodo com o modelo geoelétrico final, com ambos os valores 
apresentando boa compatibilidade. 
 
Palavras chaves: Energia elétrica – Transmissão – Corrente contínua, Correntes 
elétricas – Aterramento, Crosta terrestre, Modelagem geológica. 
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OPERATORS 
 
 ∇ – gradient operator (sum of the derivatives) 
 ∇• – divergent operator 
 ∇x – curl operator (a vector product) 
 ∇² – Laplace operator (sum of the 2nd derivatives) 
 
  
SYMBOLOGY 
 f = 1/period = 1/T – frequency (Hz) 
 w = 2πf – angular frequency 
 E – electrical field intensity (V/m) 
 H – magnetic field intensity (A/m) – magnetizing force exerted on a magnetic pole placed 
in a magnetic field, no matter if the pole is moving or not 
 gamma [magnet] – magnetic field intensity (cgs) – 1 gamma = 10-5 Gauss = 10-9 Tesla in 
magnetic exploration the unity is replaced by nanotesla (nT), the SI preferred name; 
 Maxwell – magnetic flux (cgs) – 1 Maxwell = 10-8 Weber – the magnetic flux through one 
square centimeter normal to a field of magnetic induction of one Gauss 
 B – magnetic flux (Weber, Wb) 
 B – magnetic induction or magnetic flux density (1 Tesla = 10000 Gauss = 1 Wb/m²) 
 D – electrical flux intensity (C/m²) 
 J – electrical current density (A/m²) 
 qv  – electrical charge density (C/m³) 
 ρ – electrical resistivity (Ωm) – the inverse of the electrical conductivity σ (S/m) 
 ρa – apparent resistivity, average resistivity of the penetrated medium (Ωm) 
 μ0 – magnetic permeability of the free-space (4π 10
-7
 H/m) 
 r – magnetic permeability relative to the free-space value 
 0 – dielectric constant or permittivity of the free-space = 1/(μ0 c
2
) = 8.854 10
−12
 F/m 
 r – dielectric constant or permittivity relative to the free-space value (default value = 10) 
 M – magnetotelluric tensor (m/s) 
 Z – impedance tensor (Ω) 
 δ – depth (m) over which the intensity of the electromagnetic field decays 1/e (~0.37) 
 c – speed of light (c² = 1/(0 μ0) and c = 299.792.458 m/s) 
 Ma = 106 years ago 
 Ga = 109 years ago 
 API unit – American Petroleum Institute unit for the gamma rays log 
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INTRODUCTION 
 
The operation of a HVDC electrode, dissipating direct electrical currents into the ground, 
originates four gradients in its interface with the ground, each one governed by a specific law 
[Villas & Portela, 2001]: 
 Electrical - electric current flow within a semiconductive media (Ohm's Law); 
 Thermal - heat flow by diffusion (heat equation, Fourier Law); 
 Hydraulic - fluid flow in a porous medium (Darcy's Law), originated from electroosmotic 
processes and moisture thermo-diffusion; 
 Chemical - ion diffusion under the influence of an electric field (electrophoresis, Fick’s 
Law). 
This thesis is dedicated to the electrical process and presents the methodology applied for the 
construction of 1D geoelectric models of the Earth’s upper crust, for the design of the South 
grounding electrode of the HVDC transmission system of Rio Madeira, bipole 1, in 
Araraquara, São Paulo state, Brazil.  
The development of a 1D geoelectric model of the Earth’s upper crust, as viewed in average 
from a specific area at ground surface, about one square kilometer wide, is the desired goal of 
the methodology here adopted, considering the application to HVDC electrodes design. The 
geoelectric model for this application has specific requirements - it shall be detailed within the 
shallow ground layers, where the electrode is buried, but shall be deep, down to mid-crust, to 
allow for the calcultion of the electrode electrical performance.  
Before the presentation of the applications, a first chapter presents important concepts on 
HVDC transmission systems and grounding electrode concepts and design, summarizing the 
references on geoelectric modeling for electrode design, as published in papers regarding 
projects developed worldwide.  
The second chapter reviews the aspects of geophysics that are important for the development 
of geoelectric models, discussing some general issues on the geoelectric structure of Earth’s 
crust and presenting the electrical methods for probing the shallow ground (down to a few 
tens of meters), and the electromagnetic methods - TDEM – Time Domain Electromagnetic 
Method, for probing the near-surface (down to one kilometer deep), and the MT - 
Magnetotelluric Method, for probing the deep Earth (below one kilometer deep). 
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Chapter three - Materials - presents the geophysical and geotechnical surveys developed for 
the construction of the geoelectric model for the Araraquara bipole 1 electrode site, located 
within the Paraná Sedimentary Basin, describes the electrode 1 and presents the 
commissioning data that allowed for the final adjustment of the design geoelectric model. 
Chapter four – Methods - presents the construction of the design 1D geoelectric model for the 
Araraquara bipole 1 electrode site, and then, with the commissioning data, this preliminary 
model is adjusted for reproducing the measured electrode performance. The geoelectric 
models are not the same built for the electrode project, in 2011/2012, because they reflect the 
research developed along this thesis and the experience of the author with other HVDC 
projects in the recent years. 
The three last chapters present the conclusions of the research, the suggestions for the 
continuity of the research and the consulted bibliography. 
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1 HVDC GROUNDING ELECTRODES 
Brazil currently has three HVDC - High Voltage Direct Current transmission systems, each 
one with two bipoles: 
 Itaipu, with 2 x 3.15 GW, ± 600 kV, 800 km long; 
 Rio Madeira, with 2 x 3.15 GW, ± 600 kV, 2.375 km long; and 
 Belo Monte, with 2 x 4 GW, ± 800 kV, bipole 1 2.1 km long and bipole 2 2.5 km long. 
The planning of the Brazilian energy transmission system developed by the Energy Research 
Company (EPE) foresees the implementation of other HVDC systems - bipoles A (N-SE) and 
B (NE-Central Brazil) and Tapajós Complex (two or more bipoles). In a broader continental 
approach, two other HVDC links are under planning – Chile, for bringing the energy 
produced by the photovoltaic power plants of the Atacama Desert to Santiago; and Argentina 
[Chincuini & Muiño, 2015], for bringing the energy to be produced by the Patagonian 
hydroelectric plants to Buenos Aires. Finally, there is the possibility of the international 
regional interconnections, which are possible only with DC systems, because Brazil energy 
system operates with 60 Hz and the other countries of South America with 50 Hz. 
1.1 HVDC TRANSMISSION SYSTEMS 
In an AC system, voltage conversion is done by transformers, which allow for high power and 
high insulation levels within one unit, and with low losses, being a relatively simple device 
that requires little maintenance. A three-phase synchronous generator is superior to a DC 
generator in every respect. For these reasons, AC technology was introduced at a very early 
stage in the development of electrical power systems and was soon accepted as the only 
feasible technology for generation, transmission and distribution of electrical energy. The AC 
transmission systems operates with voltages that range from 69 kV to 800 kV, including the 
EHV – Extra-High Voltage (above 345 kV) and the UHV – Ultra-High Voltage (800 kV and 
above). 
The transmission of electrical energy started with DC - in 1882, a 50-km-long 2 kV DC line 
was built between Miesbach and Munich, in Germany. The DC and later the HVDC 
technology started to be used in power transmission at the end of the 19th century but only 
few lines and facilities were built, many of them experimental. The trend continued into the 
20th century but only in the ‘70s they gained momentum and became commercially attractive. 
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The improvement of methods and techniques, the advent of new materials and the need to 
transport electricity over very long distances from large (mainly hydro) power plants to big 
cities made this technology widespread all over the world, but until 2000 mainly as overhead 
lines. 
Despite AC systems are dominant within the electric power industry, for some applications 
HVDC transmission systems may be the preferred option over AC systems, for instance: 
 for endpoint-to-endpoint long-haul bulk power transmission, without intermediate taps, 
when remote generating plants are far from the consuming centers; 
 HVDC land lines require narower right-of-way in comparison with HVAC lines, because 
HVDC can carry more power per conductor with smaller spacings and lower losses; 
 in the case of long submarine transmission, where the high capacitance of the cables may 
turn impossible the use of AC power; 
 for the assincronous connection between AC systems that operate with different 
frequencies; 
 digital control system provides accurate and fast control of the active power flow; 
therefore, fast modulation of DC transmission power can be used to damp power 
oscillations in an AC grid and thus improve the system stability. 
 the reliability of the HVDC line is higher, because it can operate with only one pole and 
ground return. 
The transmission of large blocks of electric energy over long distances is more cost effective 
with HVDC than with AC systems. A HVDC system consists of an electrical energy 
transmission system comprising two converter substations interconnected by a DC line with 
two poles – positive and negative. The construction and the operation of the HVDC converter 
substations on both ends of the DC line is more expensive than the conventional AC 
substations. However, an overhead HVDC transmission line is less costly per unit length than 
an equivalent AC line designed to transmit the same level of power. Therefore, for distances 
equal or superior to about 800 km, the HVDC system becomes cheaper than an equivalent AC 
system.  
A HVDC line can carry more power per conductor than an AC line, allowing for the same 
power rating a narrower transmission line corridor, with a higher power density and at lower 
costs. This happens because the HVDC line makes a better use of the conductor’s section, 
besides requiring only two poles, while an AC line needs three phases.  
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The DC current flows through the entire section of the conductor, while AC current avoids the 
inner section of the conductor, due to the skin-effect, what results on the reduction of the 
“effective” cross section of the conductor, increasing its resistance and the power losses. The 
constant voltage of a DC line is lower than the peak voltage of an AC line, which determines 
higher insulation thickness for the cables or higher conductor spacing for overhead lines. 
Inductive and/or capacitive parameters do not limit the transmission capacity or the maximum 
length of a DC overhead line or cable. The capacitance between the active conductors and the 
surrounding ground or water limits the length of the AC cables. The AC current required to 
charge and discharge the capacitance of the cable causes additional power losses, and more 
AC power is lost to dielectric losses. Because of the high charging current of an AC cable, if 
the line is too long, the reactive power consumed by the cable would absorb most of the 
current carrying capacity of the conductor and no significant power would be transmitted.  
Because HVDC allows power transmission between unsynchronized AC systems, it can help 
the system stability, by preventing cascading failures from propagating from one part of a 
wider power transmission grid to another, while still allowing power to be imported or 
exported in the event of smaller failures. This feature has encouraged wider use of HVDC 
technology for its stability benefits alone. Power flow on an HVDC transmission line is set 
using the control systems of converter stations, and flow does not depend on the operating 
mode of connected power systems. Thus, unlike AC ties, HVDC links can be of arbitrarily 
low transfer capacity, eliminating the “weak tie problem”, and the lines can be designed based 
on optimal power flow. Similarly, the difficulties of synchronizing different operational 
control systems at different power systems are eliminated. Fast-acting emergency control 
systems on HVDC transmission lines can further increase the stability and reliability of the 
power system. Further, power flow regulation can be used for damping oscillations in the AC 
grid or in parallel AC lines. 
If one pole of the HVDC line is lost due to any malfunction or accident, the system can 
remain operating with the other pole and ground return; unlike AC systems, where the loss of 
one phase means the loss of the entire transmission line. Each converter station needs a 
grounding electrode, sized to continuously dissipate into the ground the unbalance current of 
the two poles (below 80 A). In case of loss of one pole, the HVDC system is capable of 
maintain the transmisson of up to 65% of the nominal power of the link by means of the 
remaining pole with ground return. 
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Under this contingency operational condition continuous currents up to 4 kA, for periods of a 
few hours, may be continuously injected into the ground by the electrodes at both ends of the 
HVDC line, with opposite polarities in each end. The operation condition with ground return 
avoids the loss of the entire HVDC link, what can have a fatal impact on the stability of the 
interconnected system, giving the system operator time to make the necessary arrangements 
for the new operational condition. Grounding electrodes are thus essential components for the 
reliability and continuity of HVDC interconnection operations.  
1.2 HVDC GROUNDING ELECTRODES 
The basic requirement of a HVDC grounding electrode is the capability of injecting high DC 
currents into the ground, with low power loss and with the minimum interference on the 
environment and on third-party installations.  
There are two main kinds of HVDC grounding electrodes – horizontal and vertical, both 
usually buried along an approximately circular path with an equivalent diameter ranging from 
0.6 to 2 km wide. The typical horizontal electrode consists of a square trench (about 0.5 m x 
0.5 m), buried 3.5 m deep, filled with coke and with iron anodes horizontally laid in the 
middle of the trench (Figure 1.1). Vertical electrodes generally consist of several wells (from 
30 to 200), with depths that can range from 20 to 100 m depth, depending on the depths of the 
aquifer and of the rocky basement, which are filled with coke and iron anodes. For both kinds 
of electrodes, the active elements – the ones that inject the DC current into the ground, are 
FeSiCr anodes (about 1.5 m long) laid within a backfill of calcined coke and spaced no more 
than 2 m from each other (Figure 1.2). 
The choice between a horizontal or a vertical land electrode is dependent on the shallow 
ground geoelectric structure, defined mainly by its hydrologic setting, as the active part of the 
vertical electrode shall be buried below the water table, within the water saturated ground. 
Besides the two conventional land electrodes here described, HVDC systems may also use 
non-conventional electrodes, such as the marine electrode and the graphite vein electrode, 
which will be not considered in this study. 
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Figure 1.1: typical horizontal electrode configuration – a horizontal and circular string 
of FeSiCr anodes within a coke trench, and the corresponding cross-section. 
 
 
Figure 1.2: a 64 wells vertical electrode configuration and detail of a sub-electrode - a 
steel pipe filled with coke and with a vertical string of FeSiCr anodes. 
1.3 CURRENTS IN THE GROUND ASSOCIATED TO ENERGY SYSTEMS 
The main sources of anthropogenic electrical currents circulating in the ground are low 
frequency AC currents, associated with power transmission and distribution systems; and DC 
currents, originated by HVDC – High-Voltage Direct Current transmission systems, by 
leakage currents of transportation systems (DC electrified railroads and subways) or from 
cathodic protection systems. Electrical systems operating in normal conditions have currents 
circulating in the corresponding cabling and, in general, the ground currents involve low 
magnitude intensities, if the order of a few Amperes. However, a short-circuit in a 
conventional (AC) transmission line or substation, or the monopolar operation with earth 
return of a HVDC transmission system, are contingency conditions, associated with the 
injection of thousands of Amperes (kA) in the ground. 
No Labeling  [ID:Kenya - CESI  @ f=0.0010 Hz ]
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Carson [1926] proposed a method of calculating the AC transmission line frequency 
dependent impedance considering the contribution of the ground return. Carson’s method 
expresses the impedance by means of an improper integral that has to be expanded into a 
infinite series for computation. These integrals can be either approximated using infinite 
series or are evaluated using proper numerical integration methods [Vintan, 2010]. Carson’s 
formulation considers a homogeneous ground with relative permeability unitary; neglects the 
displacement currents in the air and in the ground; and considers the field propagation quasi-
TEM (Transverse ElectroMagnetic). 
Deri et al. [1981] suggested that the ground can be replaced by an ideal plane, placed below 
the soil surface at the complex penetration depth of a plane wave with the system frequency 
(Figure 1.3). The main advantage of this model is that it allows for the use of simple formulae 
for the calculation of self and mutual impedances of the conductors of transmission lines, 
derived from the its complex images, producing results that match those obtained from 
Carson’s correction terms, which are much more complicated to calculate. The complex depth 
of earth return method assumes that the current in the overhead conductor returns through an 
imaginary section of ground located directly under the line and replaces the ground section by 
an equivalent return conductor. 
Considering the Figure 1.3, the complex depth of the equivalent return conductor will be: 
𝛿̅ = ℎ + 2?̅? (in meters) (1.1) 
Sunde [1968] proposed the equation for the calculation of the ground impedance of a single-
wire overhead line, which introduces the complex ground propagation constant: 
?̅? = √𝑖𝜔𝜇0(𝜎 + 𝑖𝜔𝜀0𝜀𝑟)  (1.2) 
The parameter γ, associated to the penetration of a plane electromagnetic wave into the 
ground, will be derived further in this thesis. Considering the low frequencies of the AC 
transmission systems or the DC current of the HVDC system, it is possible to disregard the 
second term of γ̅, related to the displacement currents, reducing the propagation constant to ?̅?, 
which is the inverse of ?̅?, the complex depth of the image plane: 
?̅? = √𝑖𝜔𝜇0𝜎 = 1/ ?̅?  (1.3) 
Neglecting h, applying to ?̅? the relations of square root and reciprocal of complex numbers, 
and working with the module of ?̅?, it is possible to define the penetration depth: 
𝛿 = √
2𝜌
𝜔𝜇0
= 503√
𝜌
𝑓
 (in meters) (1.4) 
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In practice, the analysis is more complex, because the subsurface geoelectric structure is never 
uniform, presenting layers and volumes of different resistivity, depending on the terrain 
traversed by the transmission line. 
An AC three-phase transmission line with a phase-to-ground short-circuit at one of its ends, 
has the phase circuit closed by ground return, with the current flowing back along the path of 
the line, from the short-circuited end to the transformer grounding at the feeder end. The 
ground current follows the path of the line because of the magnetic coupling between the 
current in the line’s phase conductor and the return current in the ground (Figure 1.4). 
The ground section traversed by the return current can be determined by the penetration depth 
(), which characterizes the “skin effect” that is the depth (in meters) at which the current 
density per unit of ground section is reduced to 1/e (1/2.718 ~ 37%) of its value at soil surface 
(Figure 1.5). The exponential decay of the current density occurs also laterally, limiting the 
width of the ground current row below the transmission line. The ground current density can 
be considered negligible at a distance higher than 3 at each side of the row axis. 
A transmission line operating at 60 Hz above a 400 Ωm homogeneous ground resistivity, has 
the penetration depth () of 1300 m. If by hypothesis the line operates at a frequency of 25 
kHz, then  will be reduced to about 5% of the above calculated value, i.e. 64 m. The current 
lines in the ground will run parallel along the path of the transmission line, except at its ends, 
where they converge/diverge towards the grounding electrodes. At each end of the line a 
“terminal effect" occurs within a ground volume of about 3 radius, adding an additional 
component to the impedance of the path, which is defined as the grounding grid resistance. 
The current, having the entire semi-volume of ground to circulate, seeks the path of least 
impedance. As the frequency increases, the inductive reactance becomes more dominant in 
this process, driving the current to minimize the magnetic flux linkage with the physical line, 
following the same path closer to the line, through a ground section each time smaller, which 
can be interpreted as the "skin" effect, the circulation in a section of ground increasingly 
shallower and narrower. 
Contrarily, if the frequency is successively reduced, the return current will increasingly spread 
into the ground, and the equivalent return path will become increasingly deeper and wider. 
When the zero frequency is reached (DC current), which is the case of the HVDC line, the 
scattering is complete, and the return path will be at an infinite depth. 
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At this point it can be said that the ground electrodes are decoupled at both ends of the HVDC 
line, meaning that the impedance of the path disappears, leaving only the terminal effect, 
which becomes the resistances of the grounding electrodes. 
The calculation of the skin depth to DC currents (zero frequency) results in an infinite value, 
allowing some important conclusions concerning the operation of the HVDC electrodes: 
 continuous current penetrates deep into the ground, what means that the modeling of 
HVDC grounding electrodes requires a deep geoelectric model; 
 for a HVDC transmission system, the ground acts as an infinite electron reservoir, 
absorbing or providing the amount of charge demanded by the HVDC circuit; 
 the resistance of the return path will be determined solely by the sum of the resistances of 
the two HVDC terminal electrodes plus the resistances of the corresponding electrode 
lines. 
 
Figure 1.3: geometry of an overhead conductor with ground return, with the 
illustration of the complex plane of symmetry and of the complex penetration depth. 
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Figure 1.4: ground return for an AC line – the current follows the path of the line. 
 
Figure 1.5: ground sections associated with the ground return of DC and AC currents 
[modified after György Varju; Earth Return Phenomena and Impedance]. 
1.4 HVDC ELECTRODE ELECTRICAL PERFORMANCE – CONCEPTS 
The electrical performance of an electrode is associated to the process of dissipating a DC 
current into the ground, being expressed by a set of parameters - electrode resistance, soil 
surface potential profile, electrical field, step and touch potentials. The thermal performance is 
characterized by the curve defined by the electrode temperature elevation x duration of the 
current injection; and in a simple model, is a function of the electrode resistance. 
The calculation of the soil surface potential profile, considering the maximum expected DC 
current injection, allows for the calculation of the interference areas, which are the the areas 
where the operation of the electrode results in the induction of potentials on the ground and on 
the circulation of DC currents in third-party installations. 
Figure 1.7a shows a hemispherical electrode on the soil surface, dissipating a DC current I 
into a homogeneous ground with resistivity  (Ωm). The current flows radially from the 
electrode, with current density J (A/m²) on the hemispheric surface S given by the expression: 
𝐽 =
𝐼
𝑆
=
𝐼
2𝜋𝑟2
 (1.5) 
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The potential difference between two radial points spaced by dr is given by: dV = .J dr. 
𝑉 = ∫ 𝜌𝐽𝑑𝑟
𝑟+𝑑𝑟
𝑟
= ∫ 𝜌
𝑟+𝑑𝑟
𝑟
𝐼
2𝜋𝑟2
𝑑𝑟 =
𝜌𝐼
2𝜋𝑟
 (1.6) 
The electric field can be determined by differentiation:𝐸 =
𝜕𝑉
𝜕𝑟
=
𝜌𝐼
2𝜋𝑟2
 (1.7) 
The resistance of a hemispheric electrode with radius a (m) is (Ω). (1.8) 
The Electrode Potential Rise (EPR) will be given by the expression: . (1.9) 
Figure 1.6 shows the soil surface potential profile, which scales 1/x, where x is the distance, 
being the hyperbola the corresponding mathematical function, diverging to infinity at the 
asymptotes. Such scaling behavior is well known in physics; it describes not only how the 
electrostatic potential energy of a point charge is a function of its distance from the charge, 
but also, for example, how the gravitational potential energy of a system of masses scales with 
the distance between the masses. At the distance 2r from the electrode center, the ground 
potential has already dropped to half, and up to 10 radii away, the ground potential is reduced 
to 10%. 
The fast and non-linear potential decay near the electrode can be explained by the fact that the 
surface of the hemispherical layers crossed by the current increases with the square of the 
radius, resulting in decreasing ratios of current densities per ground section. 
The step potential is the potential difference applied to the two feet of a person, one meter 
apart, when walking on a ground that is submited to an electrical field. The touch potential is 
the potential between hand and foot of a person that touches an structure that is grounded on a 
place submitted to an electrical field. The electrode design shall guarantee that any of these 
potentials will present any risk for people within the interference radius of the HVDC 
electrode. 
Besides the heating of the ground, an environmental interference, the following main risks are 
associated with the injection of high amounts of DC currents into the ground –touch potentials 
(electrical shock) on long metallic fences and irrigation systems, saturation of the grounded 
windings of transmission/distribution transformers and corrosion of buried metallic pipelines. 
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a 
b 
Figure 1.6: soil surface potential profile (a) due to the injection of a DC current I in a 
semi-infinite volume of resistivity  by a metallic hemisphere (b). 
1.5 DESIGN CYCLE OF HVDC GROUNDING ELECTRODES 
The project of HVDC grounding electrodes is usually developed according with the criteria 
presented in the two main guides - IEC & Cigré [IEC, 2013; Cigré, 2017]. However, instead 
the linear process of a classical grounding design, an iterative process is developed, involving 
successive refinements, depending of the phase of the design and on the availability of data. 
Despite the multidisciplinary approach, applying knowhow from geosciences (geology, 
geophysics and geotechnics) and electrical engineering (grounding and cathodic protection), it 
shall be highlighted that a HVDC electrode design is much more deppendent on geosciences 
knowledge than on electrical engineering knowhow. 
The core of the design is the development of the geoelectric model, which is a model of 
subsurface resistivity as a function of depth. This process is an inverse problem, where the 
subsurface geoelectric structure is inferred from soil surface geophysical soundings. Because 
inverse problems are never well posed, the knowledge of the site geology and the availability 
of direct measurements, such as wells electrical profiling, allows for a better model. 
At each phase of the project the geoelectric model becomes more reliable, as new data are 
added, allowing for a better calculation of the electrode performance, which is the final object 
of the design and is a forward solution of a direct problem - the electrode simulation. 
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According with the Glossary of Geology [Neuendorf et al., 2011], in the heuristic method of 
problem-solving, the solutions are discovered by evaluating the progress made along 
successive iterations, in which parameters are reseted in response to new conditions, by means 
of a series of closed loops that converge to the final solution. The project of an HVDC 
electrode is a heuristic process, in which two basic activities - the geoelectric modeling and 
electrode simulation are successively refined along the classical design cycle - Budgeting, 
then Site Selection, Basic Design, Construction and finally Commissioning. At each phase, 
the geoelectric model becomes more reliable, as new data are added, and the electrode 
configuration is adjusted towards its final configuration. 
For the electrodes Budgeting, prior to the bidding of the HVDC link, it is developed a 
simplified Desktop Study, which is a preliminary study of the geography and geology of the 
areas of the two Converter Substations, based on Google Earth and geological maps, plus 
some internet data, allowing for an idea of some basic characteristics of the future electrodes, 
such as localization (wide areas that will be surveyed later), type (vertical or horizontal), 
expected size etc. The electrode design starts with the complete Desktop Study, based on a 
complete research of the geographical and geological aspects of the wide area around the 
converter substation. 
The Desktop Study allows for the planning of the Site Selection activity, specifying the search 
areas and the geophysical surveys to be developed. The objective of the Site Selection is to 
find the best place for hosting the electrode, identifying the most appropriate site, which will 
be the one with the best combination of geographic characteristics and geoelectric structure. 
The geographic survey shall consider a few criteria for selecting the sites candidates to host 
the electrode, such as: 
 location away from the converter substation and cities, and from any more populated area; 
 reasonably flat land, without signs of erosion or rocky outcrops, and not excessively dry; 
 be readily accessible by a secondary road (the site shall not be located close to main roads); 
 not be a touristic place and with no plans for development of major facilities in its vicinity; 
 be available for purchase and should not pose legal, environmental or archeological 
restrictions for hosting a ground electrode; 
 be on a reasonably straight line to the converter substation, with no need to cross cities, 
villages or any other complicated area; 
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 be distant from public or private facilities that could be adversely affected by interferences, 
such as pipelines, transmission lines, power and distribution substations, power distribution 
and communication lines. 
The definition of what is a “sufficient distance” is depends on the upper crust geoelectric 
structure at the electrode site. It is desirable a low resistivity ground structure, which will not 
require a too big electrode to achieve a resistance below 0.5 Ω [Freire & Pereira, 2018]. 
Following the geographical survey, it is developed the geophysical surveys at the selected 
sites, for acquiring deep (MT), near-surface (TDEM/AMT) and shallow 
(Schlumberger/Wenner) geoelectric data. After the field survey and post-processing of the 
acquired data, a preliminary geoelectric model for each candidate site is obtained, from the 
interpretation of the set of apparent resistivity curves, built with the integration of the data 
from the available geophysical surveys. The sites with the best geoelectric structures are 
selected for the electrode. At least two sites shall be selected for each converter substation, 
because of difficulties that may arise during the negotiation of the land acquisition [Freire et 
al., 2015].  
The Basic Design starts with the development of complementary surveys, which provide data 
for the construction of an average geoelectric model of the shallow ground that can be 
considered representative of volume of ground in which the electrode will be buried. Vertical 
Electrical Soundings (VES), with Wenner or Schlumberger arrangement, allow for the 
construction of an average shallow apparent resistivity curve, statistically valid for all the site. 
If a TDEM survey is available, the static-shift of the average VES and of the MT invariant 
apparent resistivity curves can be adjusted, and the shallow geoelectric model can be 
improved with a joint inversion of the VES and TDEM apparent resistivity curves. 
Monitoring wells, drilled down to the local basement or at least to the previewed electrode 
depth, allow for the direct measurement of the shallow ground resistivity, with electrical or 
induction wells’ profiling, besides the determination of the water table level and the local 
basement depth (if shallow). This directly measured shallow data may be applied as 
constraints (both resistivities and/or depths) to the inversion of the average VES and or 
TDEM apparent resistivity curve, improving the shallow and near-surface geoelectric model. 
The resultant geoelectric model allows for the definition of the electrode configuration (type, 
size, depth of burial etc.), for its design and simulation, with the calculation of the expected 
electrical (electrode resistance and soil surface potential profile) and thermal (temperature 
elevation x time curve) performances. 
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During the electrode construction, adjustments of its configuration may be needed (wells 
location and lengths of the passive and active parts). Also, more data may be acquired, mainly 
if it is a vertical electrode, because at each well it is possible to define the depth of the water 
table and, sometimes, the depth of the basement. An improved geoelectric model can be thus 
produced, basically with the addition of more constraints to the shallow ground layers. The 
adjusted electrode configuration and improved geoelectric model may justify a review of the 
calculation of its expected electrical and thermal performances [Freire et al., 2017]. 
The electrode commissioning tests consists on the measurement of its electrical performance 
within one or two kilometers away from the electrode perimeter. With this data, adjustments 
can be done on the geoelectric model to match the measured and calculated electrode 
electrical performance parameters. This final adjustment is very important, not only to the 
adjustment of the geoelectric model but also because the measured electrode resistance also 
needs also some adjustment, usually resulting in a small increase of its value, as it is not 
practical to measure the electrode resistance up to remote earth [Freire et al., 2015]. 
1.6 GEOELECTRIC MODELS AND HVDC ELECTRODE SIMULATION 
The geoelectric structure of the ground can be modeled with different levels of complexity: 
 isotropic model - the same resistivity is observed in all directions; 
 homogeneous model – the same resistivity is observed in all the volume below soil surface; 
 orthotropic (1D) model - the same resistivity is observed in each layer (horizontal strata); 
 anisotropic model - resistivity variations are observed along two or three axes (2D or 3D). 
Expression 1.7 presents the basic formulation for the calculation of the ground potential for a 
punctual current injection into a homogeneous ground. For the actual situation, where the 
electrode is a wide structure buried within a complex ground, the analytical solution is not 
possible, and more sophisticated methods are needed for the solution of the current 
distribution in the electrode and for the potential distribution in the ground. 
The kind of geoelectric modeling to be adopted depends on the available geophysical data and 
on the software that will be used for the simulation of the electrode, which usually work with 
one of the following modeling methods – Finite-elements Method, which allows for the 
simulation of complex subsurface structures (2D/3D models); or the Methods of Images and 
of the Moments, which allow for the modeling of specific ground structures (horizontally or 
vertically layered, concentric hemispheres etc), sometimes with the possibility of the inclusion 
of volumes of different resistivity [Ruan et al., 2002]. 
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Both methods are Low-frequency (Lf) methods, so-named because they solve the Maxwell’s 
Equations with no implicit approximations, however, the two methods differ fundamentally in 
the manner in which the boundary conditions are imposed [Gibson, 2008]. 
Each kind of modeling has its advantages and disadvantages. The finite elements software is 
powerful for simulating mechanical parts, which have limited dimensions. For modeling wide 
volumes of ground, with dimensions of tens of kilometers, as required for HVDC grounding 
electrodes, the generation of the model is complex, and the time required for each simulation 
may be too long. Besides these restrictions, a 3D geoelectric model requires a volume of data 
usually not compatible with the time and budget available for the geophysical surveys 
developed for HVDC grounding electrode designs. 
Three-dimensional (3D) inversion is possible, at least to some extent, in complex and realistic 
situations where anomalous bodies of various scales are distributed in the ground, depending 
on whether the MT survey covers a sufficiently wide area, with stations spacing compatible 
with the smallest scale targets. In practice, however, due to limitations on the number of MT 
stations, on unknown subsurface structure, it will be usually difficult to plan the MT survey 
array to satisfy the desirable condition of 3D modeling. Often the stations spacing will be 
larger than the typical scale of the near-surface lateral heterogeneities, especially if the area is 
of complex geology. Therefore, spatial aliasing of the spatially heterogeneous electromagnetic 
fields and consequently of the MT impedance may occur. For 2D or 3D ground structures, a 
good estimate of the regional 1D geoelectric model may be useful as the initial guess (starting 
model) for a 2D/3D inversion [Rung-Arunwan et al., 2016]. 
The 1D geoelectric model considers the geologic strata horizontal and parallel, being this 
model usually associated with specific geologic frameworks, such as sedimentary basins 
[Vozoff, 1972]. This model is the traditional option for simulating grounding electrodes 
within the electrical engineering community and allows for the calculation of the electrode 
electrical performance. 
The 1D model is compatible with the main electrical parameter of the electrode - its 
resistance, which is an isotropic parameter, what means that the electrode resistance will be 
always the same, independently of the direction taken for its measurement. The other 
important performance parameter - the soil surface potential profile, is anisotropic and may 
vary according with the direction of the profile measurement. The use of a 1D model for the 
design of HVDC electrodes located within a 2D or 3D subsurface structure will result in 
circular soil surface equipotentials, which will represent an “average” of the asymmetric 
equipotentials produced by the actual subsurface structure. 
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1.6.1 The Methods of Images and of the Moments 
The Method of Images, in lieu of a formal solution of Poissonʼs or Laplaceʼs equation, 
replaces the original boundary problem of electrostatics by the appropriate image charges, so 
that the original problem is greatly simplified. This method can be applied to a special class of 
electrostatic and magnetostatic problems that have some degree of mirror-reflection 
symmetry. The method replaces a charged surface of a conductor by an equivalent surface, at 
same potential, due to one or more so-called “image charges”. By doing this replacement, the 
original boundary conditions of the problem are preserved. The Method of Images is very 
suitable for the application to geoelectric models that present some kind of symmetry, such as 
the ones typically used for grounding simulations in general. 
The Method of the Moments (MoM) basically projects the functional equations of the 
electromagnetic field theory into a finite dimensional vector subspace, resulting in matrix 
equations that can be solved by algorithms of linear algebra [Harrington, 1967]. The method 
is used to solve electromagnetic boundary or volume integral equations in the frequency 
domain. The advantage of the MoM over purely numerical methods is that, despite there is a 
large part that remains analytic (like the Green’s functions, for example), yet, it remains a 
numerical method based on matrix inversion techniques, the latter presenting some 
convergence issues that the method needs to handle. Because grounding systems are usually 
solved for the steady-state condition, the MOM is applied for solving the electrostatic 
problem that arises. 
The method basically divides the grounding electrode into a grid of small segments, 
considering that within each segment the value of the current is constant. It allows for the 
construction of a matrix of admittances of the segments, including the mutual admitances 
between them (what means a full complex matrix), exited by a potentials matrix (in Volts), 
whose product is the current in each segment of the grid. By using usual piecewise constant 
function approximation of the unknown current distribution over the grounding grid 
(‘simplex’ procedure), a reasonable accuracy can be achieved with a fine division of the 
grounding grid into small segments. This approach results in a large system of linear algebraic 
equations, which require eficient computation methods to be solved [Berberovic et al., 2003]. 
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1.6.2 The Finite-Elements Method 
The finite elements method (FEM) is a numerical technique for finding approximate solutions 
to boundary value problems, being based on the idea that a large volume can be approximated 
by many small volumes delimited by tiny segments. For HVDC grounding electrodes the 
method can solve the electrical and temperature fields problems, whith the difference that for 
electrical field problem the boundary of the volume modeled has the dimension of tens of 
kilometers, and for the temperature field it has dimension of a few hundred of meters, both 
volumes being a function of the diffusive processes of the electrical and temperature fields. 
The basic concept of the methods is to divide the 3D ground space around the grounding 
electrode into non-overlapping cells, which are considered connected nodes that form a 
network. After defining the properties of nodes and connections, the current field can be 
calculated simply by solving the network problem. The method allows for the anisotrophy of 
ground geoelectric structure, because of the arbitrary subdivision of the ground volume. The 
current injected into the grounding electrode flows to infinity, therefore, the current field 
analysis in theory is an infinite boundary problem. For practical situations, when the ground 
current flows away enough, the ground potential and the electric field can be considered 
reduced to zero. For all FEM, the problem domain for current field calculation shall be 
defined without a finite boundary, therefore, the current field calculation is limited within the 
defined finite boundary, and the ground potential is regarded as zero outside it [Zhang et al., 
2016]. 
In general, FEM consists of three main matrices - the property matrix (K), the behavior matrix 
(U) and the action matrix (F) - [K].[U] = [F]. For the grounding application, [K] is the 
admitance matrix (Y) of the resistance network, [U] is the electrical potential vector of all the 
nodes of the network and [F] is the injected electrical current (I). Therefore, the Ohm law can 
be solved by the expression [U] = [I].[Y]
-1
. 
The injected current in the ground nodes will be zero, because the current is injected only in 
the electrode. For the simplification of the analysis, the electrode surface can be considered 
equipotential, what means that all the nodes belonging to the electrode will have the same 
potential.  
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1.7 GEOPHYSICAL AND GEOTECNICAL SURVEYS 
For the construction of a geoelectric model, the first step is the surveying of the ground 
subsurface in a local and regional scale and probing three depth levels: 
 shallow ground layers – few tens of meters – by means of vertical electrical soundings 
(Schlumberger or Wenner arrangements) or electromagnetic soundings (nanoTEM); 
 near-surface layers - few hundred meters deep – Time-Domain Electromagnetic (TDEM) 
or Audio-magnetotelluric (AMT); 
 deep ground layers – from 1 km deep down to mid crust – Magnetotelluric sounding (MT). 
The geoelectric modeling of the Earth’s crust is based on electric and electromagnetic 
geophysics surveys, usually probed on soil surface, and is obtained from a few basic steps - 
data acquisition (field work) and raw data processing; post-processing of the data; 
construction of the geoelectric models and geological interpretation (geoelectrical-
geostratigraphic association). 
1.7.1 Near-Surface and Deep Surveys 
The electric potential due to the injected current into the ground by an electrode can cause 
interference problems tens of kilometers away. The potential at such a distance will be 
dependent on the geoelectric structure of the deep layers throughout the Earth’s upper crust. 
Deeper geoelectric models are necessary in case of high resistive crust, which is the case of a 
cratonic area. It is not necessary to reach such deep crustal layers if the geoelectric structure 
presents lower resistivities, because the soil surface potentials will fall faster to values that are 
not relevant at shorter ranges away from the electrode site. This may be the case of electrodes 
placed in the sea or in deep sedimentary basins. 
The distribution of MT stations is dependent on the geography and geology of the Site 
Selection search area, and can vary from scattered stations to transects, which are straight or 
slightly arched survey lines crossing important geological structures. The latter are preferred, 
allowing for two dimensional inversions, for obtaining deep ground sections (2D profiles).  
It is desirable the simultaneous near-surface and deep survey, if possible a TDEM survey for 
the correction of the static-shift of the shallow (VES) and deep (MT) soundings, however, in 
Brazil, usually AMT soundings are more accessible than TDEM. 
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1.7.2 Shallow Survey 
The shallow survey consists of vertical electrical soundings (VES) performed along the 
previewed electrode perimeter, with DC Schlumberger or Wenner arrangement and current 
electrodes (AB) spaced up to 1000 m. For the shallow ground, static-shifts are usually 
minimized by acquiring a statistically valid number of VES, which are averaged for each 
sounding spacing. If more than one shallow survey is available at the same site, with different 
arrangements, a final apparent resistivity curve can be produced, averaging the different mean 
resistivity curves available, weighted by the number of VES of each survey. 
It is important to remember that the Wenner arrangement is a particular case of the more 
generic Schlumberger arrangement, and it is always possible to express the Wenner soundings 
in terms of a Schlumberger arrangement. Pole-dipole DC resistivity profiling (ground 
tomography) along the previewed electrode perimeter will allow for the construction of 2D 
sections of the shallow ground, in which the electrode will be buried, allowing for an estimate 
of how uneven the current distribution between electrode sections may be. 
1.7.3 Geotechnical Surveys 
Geophysical inversion with no previous geological information results in a blind set of 
possible models, which may be strictly data-compatible, but not realistic concerning the actual 
subsurface geoelectric structure. Boreholes drilled at the selected site allow for sampling the 
shallow ground structure, determining water table and basement depth, groundwater 
sampling, electrical/induction profiling, and measuring hydraulic parameters (well inflow 
rate). This geotechnical survey provides direct shallow ground data acquisition, which allows 
for the interpretation of the shallow and near-surface apparent resistivity curves under 
constraints that will add reliability to the final geoelectric model. 
Test holes are wells drilled primarily to provide information of the shallow geologic structure, 
allowing for the determination of the following design parameters [Neuendorf et al., 2011]: 
 burial depth - the electrodes shall be buried within the permanent water saturated ground; 
 length of the vertical sub-electrodes (wells) – which shall not be inside the rocky basement. 
Reverse Circulation Drilling (RC) is the usual drilling technique, but any other method aiding 
geological mapping and sampling of the ground column is acceptable (such as Core Drilling). 
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Usually a minimum of four wells are required at the electrode site, usually down to about 90 
m, provided that the basement is not found before such depth is reached. The test boreholes 
shall be drilled along the previewed electrode perimeter and aligned with the cardinal 
directions (N, S, E and W). The wells can be relocated to coincide with the higher and lower 
elevations of the site. The wells shall be drilled, if possible, down to the rocky basement or, in 
case of a vertical electrode, at least down to the expected electrode depth. 
Wells profiling helps the adjustment of the shallow ground layers determined from the 
vertical electrical soundings (VES). There are two kinds of well profiling – electrical and 
inductive. The electrical profiling is good for detecting changes of the subsurface structure, 
however it is affected by the drilling fluids, which interfere with the good reproduction of the 
apparent resistivities the well column. For electrical profiling the wells shall not be lined, and 
if they are dry they need to be filled with water. 
To obtain more reliable resistivity values of the well’s walls, it is advisable to perform an 
induction profiling. For induction profiling there is no need of water, and the wells are lined 
with PVC pipe and then cleaned to eliminate residues of the drilling fluids. It is advisable to 
avoid metallic centralizers that saturate the induction probe. The induction profiling of the 
wells allows for the direct measurement of the resistivity of its walls, contributing with data 
for the adjustment of the shallow/near-surface geoelectric model.  
The geoelectric models obtained from the VES survey and from the wells profiling often do 
not match, because the two methods probe very different volumes of ground, however, the 
ground layers obtained from the two methods should present some compatibility. After the 
electrode construction and commissioning the boreholes can be left as water table level 
monitoring wells. 
The ground thermal parameters can be measured in site, allowing for the calculation of the 
expected electrode thermal performance during monopolar operation. The ground cannot 
reach water boiling temperature, as it will dry, resulting in electrode temperature rise and risk 
of thermal runway. Ground and water samples extracted from the wells can be used for 
geotechnical laboratory essays, such as electro-osmosis and permeability. High clay contents 
in the ground may give rise to electro-osmosis (the electric current flow carries water 
molecules), which may result in the drying of the ground, depending on the current polarity. 
The knowledge of the ground permeability and of the wells inflow rate will show if the 
natural hydraulic pressure of ground waters may compensate the risk of electro-osmosis. 
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1.8 HVDC ELECTRODE DESIGN – BIBLIOGRAPHIC RESEARCH 
There are many papers concerning HVDC grounding electrodes, but specific papers about 
geoelectric modeling for electrode design are very few and usually limited to the shallow 
ground layers. One reason for this lack of references is probably related to its 
multidisciplinary nature, involving not only electrical engineering, but mainly the 
geosciences, due to the deep geoelectric model required. There is a communication gap 
between the electrical engineers, the designers of the grounding electrodes, and the 
geologists/geophysicists, who have the knowledge for surveying the ground and for the 
construction of geoelectric models. This communication gap is due to the unfamiliarity of 
each group of professionals with the knowledges and technical requirements of their 
counterparts. 
Keller [1975] suggests the use of data acquired with a HVDC grounding electrode 
commissioning (Pacific Intertie, USA) as geophysical data to infer the deep geoelectric 
structure at the electrode site. Keller suggests the use of the long HVDC line as the current 
loop (AB) of a wide opening electroresistivity arrangement. 
The Itaipu project in Brazil, was widely documented in papers presented in seminars in Brazil 
[Peixoto et al., 1981; Caroli et al., 1987; Kovarsky et al., 1989; Freire et al., 2017] and in 
papers published by IEEE – Institute of Electrical and Electronic Engineers (USA) [Caroli et 
al., 1987; Kovarsky et al., 1987; Caroli et al., 1988 a and b; Caroli et al., 1990;]. The 
geoelectric models developed for the Itaipu grounding electrodes were based only on shallow 
surveys. Freire [2017] shows that to reproduce the electrical performance of the Itaipu 
electrodes by means of computer simulation (electrodes resistance and average soil surface 
potential profiles), a general adjustment of the originally adopted geoelectric model is needed. 
Villas [2000] presented a PhD thesis dedicated to the thermal process of HVDC electrodes, 
due to thermal, electrical and electrosmotic processes that occur in the ground near the 
electrode. 
Kiat Ng [2000] presents a MSc dissertation where he makes theoretical calculations of HVDC 
grounding electrodes using finite elements methods and layered ground models. He does not 
mention any geophysical method for probing the ground geoelectric structure. 
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The modern HVDC systems with land grounding electrodes have been built mainly after year 
2000, in South America, Africa and Asia, where large hydroelectric power plants are still to 
be built, usually far from the energy consuming centers. The more recent papers about the 
modern grounding electrode technology are related to these projects, which have been 
developed based on more complete geoelectrical models, which include the shallow and the 
deep ground layers. 
Thunehed et al. [2007] published one of the first references on the use of magnetotelluric 
sounding in order to develop geoelectric models for the Site Selection of HVDC grounding 
electrodes. They suggest the use galvanic methods for probing the shallow ground layers and 
of electromagnetic methods for probing the near-surface and deep ground layers. 
Nayak et al. [2008] presents the Site Selection for a HVDC grounding electrode in India - 
“High-resolution multi-electrode DC resistivity imaging techniques were used for shallow 
resistivity measurements and magnetotelluric (MT) techniques were used to determine deep 
resistivity up to depths of 5 to 10 km. Based on these results, suitable earth electrode sites 
were identified”. He emphasizes the importance of the MT survey when he comments the first 
site investigated - “Site-1 (NER): The site area is almost plain and appeared to have a thick 
soil cover. A total of 13 MT soundings and 3 DC resistivity profiles were done at this site. 
Since the deep resistivity structure was not found suitable further detailed shallow resistivity 
investigation of this site was not carried out.” This text emphasizes that if the deep ground 
layers do not show the proper geoelectric structure, it is not worth to investigate the shallow 
layers. However, no reference to static-shift correction is done neither on how to combine the 
shallow and deep data for the construction of the geoelectric model. 
Magg et al. [2010] present a paper about the electrodes Site Selection and Design for the 
Caprivi Link HVDC Interconnector, in Africa (Zambezi/Zimbabwe-Namibia), summarizing 
the use of different geophysical methods (electrical and inductive) for probing the ground 
resistivity. The result of a simulation with a finite elements software is presented, however, no 
information is given about the geoelectric modelling, not even the geoelectric model used for 
the electrode simulation. 
Share [2012] presents in his MSc. Dissertation, the application of an AMT/MT survey with 
2D and 3D geoelectric modelling for the electrode site selection of a HVDC link in 
Namibia/Africa. He produces very detailed 2D and 3D deep geoelectric models and studies 
the current distribution within a wide area of the ground around the electrodes, however does 
not include any shallow survey, working only with the deep models, which go down to the 
mantle. 
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Thunehed [2017] develops a detailed study of the interferences produced by a sea HVDC 
electrode in Sweden. He presents a detailed 3D geoelectric model for the simulation of the 
electrode with a finite elements software and comments “A resistivity model has been created 
with the aim of estimating the electric potential due to the Fågelsundet electrode. The 
resistivity structure of the sub-surface in the area is not known in detail, so the model should 
be treated with some care.” 
Arruda et al. [2018] presents a paper that deals mainly with the use of a wide area MT survey 
with a 2D inversion and the use of finite elements software for the calculation of the 
equipotentials produced by the Rio Madeira bipole 2 electrode in the Porto Velho area. This 
study was done for the calculation of the expected interference currents that will circulate in 
the transformers neutrals of the transmission and distribution system in the area. 
Freire et al. [2013, 2015, 2016, 2017 and 2018] presented papers in seminars in Brazil and 
abroad, about HVDC electrode site selection and design, based on projects developed in 
Brazil (Itaipu, Rio Madeira and Belo Monte) and Africa (Ethiopia-Kenya), which are the basis 
for the development of this thesis. 
IEC [2013] and Cigré [2017] are the main references on HVDC grounding electrode design 
and are considered international standards. These two references recognize the importance of 
probing the shallow and deep ground layers for geoelectric modeling. IEC [2013] suggests in 
item 6.2.5 ground resistivity surveys with Wenner or Schlumberger arrangements to probe the 
shallow ground and the magnetotelluric method to probe the deep ground. Annex B.3 of this 
standard presents a summary of the MT method. 
Cigré [2017] reports in item 3.3.1.1: “Prediction of electrical gradients far from an electrode 
requires good knowledge of the deep earth and variations in shallow resistivity of the 
geological formations in the area around the electrode. The deep earth resistivity of different 
geological units can be estimated based on known geophysical properties or by measurements 
using indirect techniques such as magnetotelluric soundings”. However, there is no reference 
either in IEC or Cigré reports about how to combine the shallow and deep surveys into a 
single geoelectric model, that can be used for the electrodes design. 
It is clear the need of developing geoelectric models from the soil surface to deep ground 
layers for the design of HVDC grounding electrodes. However, besides the papers presented 
by this author in seminars, no other paper related to HVDC grounding electrodes has been 
found, dealing specifically with the construction of geoelectric models built from the 
combination of shallow, near-surface and deep soundings. 
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2 EARTH’S CONTINENTAL CRUST GEOELECTRIC STRUCTURE 
The idea of a layered planet has its roots in the 17th century, when the French philosopher 
René Descartes (1596-1650), in his treatise Principles of Philosophy, wrote that the Earth had 
a hot and liquid core, like the Sun, wrapped in a succession of layers of different materials - 
dense stuff, metal, water, gas, rock and air. Earth is all made up of solid rock, except for the 
outer layer of the nucleus, which is liquid. Modern geophysics adopts this concept in three 
chemically distinct main layers, with different elastic properties and densities, so arranged 
from the inside out - core (inner solid and outer liquid), mantle (lower and upper) and crust. 
The continental crust has been formed from mantle material during the Earth’s evolutionary 
history by a series of melting, crystallization, metamorphic, erosional, depositional, 
subduction episodes and endless reworking events. The thin and very heterogeneous crust is 
of granitoid composition (relatively light mineral silicates, such as quartz and feldspar), and 
does not present a pattern of increasing thickness with age. In fact, the greatest thicknesses 
occur in young areas of active orogeny, because of isostasy (isostatic balance of the crust over 
the mantle) [Fowler, 1990, pp. 353].  
The crust-mantle interface is marked by a change of composition and density of the rocks, 
which is named Mohorovicic discontinuity, or simply Moho, in homage to the Croatian 
seismologist Andrija Mohorovičić (1857-1936), who discovered it in 1909 when studying 
seismic waves propagated from earthquakes. The Moho constitutes an interface characterized 
by chemical and density changes of crustal and mantle rocks, determined by seismic data and 
is not associated with sudden electrical resistivity changes [Jones, 2013]. 
The Earth’s lithosphere includes the crust and upper mantle layer (composed of solid minerals 
of magnesium-iron silicates, mostly in form of olivine), being defined as the outermost, cold 
and rigid portion of the Earth, which deforms essentially in elastic mode and where heat 
propagates only by conduction. Despite the distinct physical and chemical composition of the 
crustal and upper mantle rocks, in physical and chemical terms, the lithosphere constitutes a 
single rigid unit, which is divided into a mosaic of plates, of varying sizes, floating and sliping 
over the asthenosphere [Mooney; 2002]. The lithosphere is limited on top by the soil surface 
and at the bottom by the LAB – the lithosphere-asthenosphere boundary, which is the most 
extensive and active plate boundary on Earth and where electrical resistivity decreases 
remarkably. In Europe its depth varies from 60 km, in the Pannonian Basin to 200 km in the 
Fennoscandinavian Shield [Wesztergom et al., 2015]. 
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2.1 THE LITHOSPHERE GEOELECTRIC STRUCTURE 
Among the geophysical parameters - seismic velocity, density, temperature, magnetism etc. - 
electrical resistivity (or its inverse, conductivity), is one of the most sensitive to temperature 
and mineral’s constitution, being particularly sensitive to the presence and nature of 
interstitial fluids in the crust and upper mantle. The fluids may be either volatile solutions or 
partially molten rocks, distributed in the pores and cracks of the host matrix. Ground is a 
heterogeneous medium consisting of liquid, solid, and gaseous phases. The solid and liquid 
phases play an essential role in the ground electrical behaviour, being the resistivity, the main 
parameter associated with its performance under low frequency electrical fields, influenced by 
the distribution of mobile electrical charges, which are mostly inorganic ions. 
The electrical resistivities of rocks and other common Earth materials span 14 orders of 
magnitude. Dry crystalline rocks can have resistivities exceeding 10
6
 Ωm, whilst graphite 
bearing shear zones might have resistivities of less than 0.01 Ωm. Such a wide range allows 
for the development of well-constrainted geoelectric models, for the study of the Earth’s 
electrical resistivity structure [Simpson & Bahr, 2005, pp. 10].  
Some preliminary definitions: 
 apparent resistivity - average resistivity of an equivalent uniform half-space for a multi-
dimensional geoelectric structure; 
 bulk resistivity - average resistivity of a composite medium, which may include volumes of 
different kinds of rocks, often neglecting directional preferences; 
 effective conductivity - bulk resistivity of a two-phase medium - for the commonest case in 
the Earth’s crust, the conductivity of the rock matrix is negligible compared to the 
conductivity of the electrolytes (fluids) or electronic conductors (e.g., ores) contained in it, 
being the limits of a two-phase medium electrical conductivity defined by the Hashin–
Shtrikman upper and lower bounds [Unsworth, 2012]. 
2.2 CONDUCTION WITHIN THE EARTH’S LITHOSPHERE  
For the near-surface layer of the Earth’s crust, where it is possible to carry out direct 
investigations, through excavations and wells, the explanations for its geoelectric structure are 
well known. On the other hand, the models for the crust intermediate and deep layers depend 
on the analysis of minerals samples exhumed by tectonic movements, or expelled by volcanic 
eruptions, or on the indirect measurements by geophysical techniques from ground surface. 
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The continental lithosphere presents conductive structures of different lateral and vertical 
extensions, some strongly anisotropic, a characteristic that may be due to crustal stress 
patterns. 
The electrical resistivity of the crust is higher than that of the Earth’s deeper layers, and 
therefore the crust is generally considered a poor electrical conductor. However, 
magnetotelluric soundings performed all round the planet reveal that the crust has regions, 
layers and volumes of low resistivity. These layers are identified by the resistivity range, 
being the following classification compatible with the lithosphere geoelectric models 
proposed by several researchers [Losito & Muschietti, 1998; Jones, 1992]: 
 VHCL – Very High Conductive Layer - ρ < 1 Ω; 
 HCL – High Conductive Layer - 1 < ρ < 100 Ω; 
 CL – Conductive Layer - 100 < ρ < 1000 Ω. 
Although the major rock forming minerals exhibit high resistivity, just a very small amount of 
good conductive material (a few %) is enough to provide good bulk conductivity, considering 
that the good conductive material properly covers the surface of the mineral grains, or fills 
interconnected and continuous cracks and pores of the rock. Thus, to interpret the crust’s 
conductive layers, the question of how the essential interconnectivity of the conductive phase 
is established and maintained in deep crustal layers, over great distances and long geological 
periods, must be answered [Jodicke, 1992]. 
Crustal anisotropy can result from different orientations of fluid-filled structures (i.e., strain-
induced) or layering of materials with varying physical properties [Khoza et al., 2013]. Within 
the upper crust, aqueous fluids are dominant in the establishment of the low resistivity ground 
layers. In addition to the fluids, includingt partly melted rocks, other crust components 
contribute to the reduction of its bulk resistivity [Losito & Muschietti, 1998; Jones, 1992]: 
 hydrated minerals and clay minerals; 
 free carbon, in the form of graphite, deposited at the interfaces of the mineral grains; 
 conducting minerals - metal oxides (magnetite and ilmenite) or sulphides (pyrite). 
Typical properties of the continental lower crust (CLC) include electrical resistivity between 
100 and 1000 Ωm, with the upper crust and upper mantle generally being more resistive. The 
prevailing temperatures in the CLC are low for the partial melting of rocks (except in active 
tectonic regions), and thus, its good conductivity should not be attributed to melts. MT 
soundings in a global scale have shown that the CLC presents electrical anisotropy and 
remarkable low resistivity anomalies, in the HCL range [Yang, 2011]. 
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2.2.1 Clay Minerals 
Clays are phyllosilicates and are highly capable of performing ion exchange. A consequence 
of this characteristic is that clay-rich soils and rocks usually present low resistivity. The low 
permeability of the clays causes water confinement in soil and rock pores under unsaturated 
conditions, due to poor pore interconnectivity. Clay minerals may originate from weathering 
processes or hydrothermal activity, which can produce particles smaller than 0.004 mm. 
Alteration of feldspar (60% of the crust) by weathering or low-grade metamorphism gives rise 
to clay minerals, such as illite, which is the main component of shale. These minerals show 
structural and mineralogical stability up to temperatures of the order of 350 °C and pressures 
of hundreds of MPa. Their low resistivity and large distribution throughout the crust makes 
them potentially responsible for the HCL layers [Losito & Muschietti, 1998]. 
Te diffuse layer, the outer and mobile ions’ layer in an electrolyte, constitutes part of the 
double charged layer adjacent to the electrolyte-solid interface [Neuendorf et al., 2011]. Water 
saturated clay minerals develop this double ionized layer at the interface between the mineral 
grains and pore water, where ions displacement is easier than within the fluid phase. This 
double layer results in a charge unbalance with the solid with which the electrolyte is in 
contact and provides an additional path for the circulation of electric currents. In the fluid 
phase solution, the cations and the anions have the same concentration. On the surface of the 
negatively polarized clay, it forms a cation layer. Along the double layer the concentration of 
cations and anions will gradually balance. The term dirty sand is used for the sandstone which 
contains abundant clay, and hence can exhibit appreciable membrane polarization and 
abnormally low electrical resistivity, because of surface conduction along the clay minerals. 
2.2.2 Saline Fluids 
Dry rocks yield electrical resistivities of 10 kΩm or more in the laboratory, whereas in situ the 
measured resistivities are much lower, rarely reaching this value. The electrical resistivity of 
crustal rocks depends on the number and mobility of free ions, being determined by the fluid 
characteristics and by the connectivity of channels, microcracks and pores. Water volumes of 
0.01 to 0.1% accumulated in fractures are enough to justify the low resistivity values. In a 
broader sense, electrical conductivity is a proxy measure of hydraulic permeability rather than 
porosity, as the interconnection of conducting pathways facilitates electric current flow. Due 
to this strong dependence on the geometry of flow paths at the scale of interest, the 
relationship between permeability and porosity is highly nonlinear [Delhaye et al., 2017]. 
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Minerals, even when old and pure, are dotted with tiny pockets of liquid or gas, known as 
fluid inclusions, which sometimes are micron-sized and contain femtomolar concentrations of 
material. The calculation of the electrical resistivity of crustal fluids as a function of their 
composition, temperature and pore pressure results in values within the range of 0.01 < ρ < 1 
Ωm. The dominant parameters in reducing crustal fluid resistivities are increases in 
temperature, fluid density and salt concentration (chlorides and bicarbonates). 
The solubility of most mineral deposits depends more on temperature than on pressure - in 
general, the resistivity is much more sensitive to temperature variations (up to 10 orders of 
magnitude) than to pressure variations (one order of magnitude at most) [Losito & Muschietti, 
1998]. The highest reduction in fluid resistivity occurs at depths of less than 8 km and 
temperatures below 200 °C. Most hydrothermal deposits are formed in the upper crust, at 
temperatures below 400 
o
C and pressures below 2 kbar [Schwartz, 1990]. 
In the intermediate crust layer, at depths generally above 10 km and temperatures above 300 
°C, a decrease in resistivity cannot be attributed to variations in the resistivity of crustal 
fluids. As the porosity decreases with depth, the pore volume is also reduced, leaving only 
residual pores with concentrated salt content. Under these conditions, an increase of the 
electrical resistivity with depth associated with the change of the form of conduction in 
minerals, from ionic to metallic, would be expected. However, magnetotelluric soundings 
reveal lower resistivities than expected for these conditions, indicating that the observed 
decrease in the electrical resistivity of the intermediate crust is due to other processes, such as 
mineral transition or change in the shape of pores. Retrograde metamorphic reactions during 
the cooling of the magma result in the consumption of the fluids in the pores, being the water 
absorbed in assemblages of hydrated minerals. Both the loss of water from hydrated minerals 
and water stored in nominally anhydrous minerals can significantly improve the electrical 
conductivity of minerals and rocks. The high conductivity (HCL) layers in the crust can 
therefore be attributed to the dehydration of hydrated minerals [Jones, 1992]. 
2.2.3 Partially Melted Rocks (Melts) 
Rocks are complex combinations of minerals that do not melt at the same temperature. Melts 
from partially molten rocks accumulate at the interfaces of the mineral grains which are still 
in the solid state. The presence of water decreases the melting temperature and increases the 
conductivity of the rocks. In the melts, the ions have greater mobility, facilitating the transport 
of the electric current and enhancing conductivity. 
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The electrical resistivity of all types of molten rocks is very low, between 0.1 and 2 Ωm. 
Molten basalt at about 1200 
oC has specific resistivity of 0.5 Ωm. Chloride and water ions are 
important carriers of charges within the melts, whose resistivity also depends on the nature of 
the rock (mafic or felsic). The occurrence of melts in the crust is associated with extreme 
temperatures (above 700 
o
C), which are found in tectonically active regions, below 
geothermal sources and volcanoes. To justify a large-scale resistivity reduction and to remain 
stable, the molten rocks must be connected over large distances, forming a few centimeter-
thick lamellae structure. For the crust’s lower layer, melt fractions of 10 to 50% of the volume 
may be required to result in an equivalent resistivity of less than 10 Ωm, which means that the 
melts justify low resistivities only in a few situations [Schwartz, 1990]. 
2.2.1 Graphite 
Carbon occurs in nature as graphite or diamond, in the oxidized form (CO2, carbonates and 
bicarbonates) and reduced form (methane and organic carbon). Organic carbon is finely 
disseminated in almost all pelitic rocks (clastic rocks formed by very fine grains, mainly silt 
and clay). The preservation in the sediments is possible in microscopic anaerobic 
environments (pores, for example), or in the strongly reducing conditions of the bottom of the 
ocean, in this case with the formation of carbonaceous-pyritic black sludges, which are 
potentially oil generating rocks. The organic material of these sludges consists mainly of 
dissolved organic matter (with particles smaller than 0.4-0.8 m), preferably adsorbed on the 
clayey mineral surfaces, thus impregnating the entire rock matrix at an early diagenesis stage. 
Organic remains – wood, spores, resins, algae etc. – undergo a temperature-controlled process 
of gradual transformation to peat, lignite, coal, anthracite and, finally, graphite. Conductivity 
increases with the carbon content in the sediment. High conductivity values (> 100 S/m) 
occur in the transition from metanthracite (MA) to semigraphite (SG), for both types of 
samples, approaching values for polycrystalline graphite (10
3
-10
7
 S/m). The sharp increase in 
the conductivity of the carbon samples results from a gradual loss of aromatic complexes in 
the coal matrix. In the metanthracite phase (MA), the "pre-graphitization" of the carbonaceous 
matter occurs, towards the crystalline structure. 
The resistivity of newly consolidated black shales is usually very high, but after exposure to 
low metamorphism, the coal-like organic carbon content will reach a sufficiently high stage of 
carbonization which may reduce the resistivity of the entire rock to values of only a few Ωm 
and, in extreme cases, to 0.1 Ωm or less. It is widely accepted, however, that most organic 
compounds are graphitized or burned at high temperatures (above 1000 °C). 
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Virtually all crustal rocks contain small amounts of carbon, in the form of anthracite or 
graphite, in enough quantity to play an important role in the electrical conductivity of rocks. 
(Meta) sediments rich in carbon may therefore play an important role in the discussion of the 
origin of conductive layers, both in the upper and lower crust. The presence of graphite, 
however, does not guarantee a good conductivity, as there are metamorphic rocks on the 
Earths’s surface that contain graphite, but do not present significant reduction of resistivity. 
Microscopic carbonaceous matter, as it is found particularly in black shales, may have great 
importance in the occurrence of conductivity anomalies, even after processes of subsidence 
and exhumation of these rocks. Therefore, it is possible to attribute some conductive 
anomalies of the crust to layers of anthracitic coal in an advanced process of graphitization 
[Jodicke, 1992]. 
The continuity of graphite layers is essential for providing a low resistivity path and can be 
related to carbon-rich rocks, which together with aqueous fluids in the intermediate crust 
provide very high conductivity (VHCL) [Schwartz, 1990]. In this aspect, graphite-bearing 
rocks, exhumed from great depths, may present high resistivity due to the rupture of the 
carbon films coating the mineral grain surfaces. The application of high pressure to these 
rocks reconnects the carbon films, which return to the pressure at which they were subjected 
at crustal depths, and with the conductivity returning to the original higher values [Glover et 
al., 2000]. 
2.2.2 Conductive Minerals 
Conductive minerals usually constitute ore deposits (such as iron oxide and/or sulfide), which 
can be detected by airborne electromagnetic methods, when at shallow depths. Sulphides are 
known for increasing conductivity significantly over large areas, in these cases forming thin 
connected layers embedded within high-resistivity host rocks [Jones, 1997]. If the conductive 
minerals do not form an interconnected network, oxides and sulfides shall predominate over 
almost 80% to provide the high conductivities associated with HCL layers. Crust volumes 
under these conditions exist, but are of limited extent [Losito & Muschietti, 1998].  
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2.3 CONCEPTS IN GEOELECTRIC MODELING 
Electrical and electromagnetic geophysical survey methods allow for the study of the 
distribution of electrical resistivity/conductivity x depth in the ground by means of the 
measurement and processing of the electrical and electromagnetic fields at soil surface and 
from air/space, being applied at scales from the shallow to the deep ground. The electrical and 
electromagnetic methods are the natural options for probing the crust electrical structure, 
allowing for volumetric soundings, which result in models that represent averages of the 
resistivity of ground volumes, as experienced by the diffuse electromagnetic fields. 
Jones [2013] suggests two different physical approaches for imaging electrical resistivity, 
namely conductive and inductive methods. Both methods combined with the wide range of 
the conductivity/resistivity parameters, guarantee a much higher resolution of geological 
anomalies than other geophysical techniques based on diffuse fields. Conductive methods are 
DC (Direct Current) resistivity, pole–dipole etc., whereas inductive methods are the 
magnetotellurics (MT) and the controlled-source electromagnetics (CSEM). The combination 
of these various sounding techniques will allow for the development of complex geoelectric 
models, from shallow subsurface down to the Moho, which is the objective ot this study. 
Figure 2.1 presents the range of the magnetotelluric method and of other sounding methods 
[Marti, 2006]. 
DC resistivity methods can be used in the study of shallow structures (0-100 m depth). The 
TDEM (Time-Domain Electromagnetic) and the AMT (Audio-Magnetotelluric) methods, can 
image shallow and near-surface depths, down to 1 km deep. The TDEM method has the 
advantage that no direct contact with the ground is needed. For imaging higher depths, from 1 
km deep down to the mantle, the MT (Magnetotelluric) technique is the most effective. 
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Figure 2.1: range of the magnetotelluric method and of other sounding methods 
[modifyed after Marti, 2006]. 
2.3.1 Equivalence and Supression Principles  
These two principles explain ambiguities in the sounding interpretation, because the apparent 
resistivity curves may be compatible with different geoelectric models, and among the 
possible solutions, only one will be effectively compatible with the local geological structure. 
The thickness and resistivity of a ground layer is poorly constrainted by surface geophysical 
soundings. What is usually well resolved is the ratio of the two parameters, the so called 
“longitudinal conductance”, measured in units of Siemens (S). 
This situation results in two kinds of ambiguities that can affect the soundings interpretation: 
 Equivalence Layers - different geoelectric sections may correspond to equal or very similar 
measured apparent resistivity curve, because of the relationship between the thickness and 
resistivity of the existing layers; 
 Suppression Layers - a relatively thin layer compared to its depth with intermediate 
resistivity between bounding layers, will have very little influence on the measured 
apparent resistivity curve, making it difficult to be detected. 
Equivalence means that different layer distributions may have equal or nearly equal transverse 
resistance or longitudinal conductance, resulting in equal or nearly equal data. The inverted 
model would be only one of many acceptable solutions that may be consistent with observed 
data, within the accuracy of the measured data, being the instability a consequence of the 
linear dependence of layer parameters and data errors [Niwas & Lima, 2006]. Equivalence 
ambiguity in geoelectrical interpretation may also be introduced by anisotropy, because the 
surface measurements will sense the isotropic geometric mean resistivity m with a layer 
width modified by the coefficient of anisotropy (λm) [Yin & Weidelt, 1999]. 
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These two principles, named T- or S-equivalence, reveal ambiguities in the interpretation of 
layered grounds. For a better understanding, it is worth to establish two concepts: 
 Longitudinal Conductance - ratio between thickness and resistivity of the layer (S = h/ρ); 
 Transversal Resistance - product of the thickness and resistivity of the layer (T = h x ρ). 
The S-equivalence can be exemplified by a sandwich of a relatively thin layer of low 
resistivity (small T and large S) between two layers of higher resistivity. The current flow 
tends to concentrate in the intermediate thin layer, what will not change if its resistivity is 
increased simultaneously with its thickness, so that the Longitudinal Conductance (h/ρ) 
remains constant. 
The T-equivalence occurs when two conductive layers separated by a thin layer of higher 
resistivity (small S and large T) may be considered equivalent to any layer that presents the 
same Transversal Resistance (h x ρ). In this case the current flow lines in the high resistivity 
layer will be essentially vertical, and the current flow will be controlled by the leakage 
resistance (T), rather than by resistivity. A consequence of this inverse problem is that surface 
soundings cannot individually determine the conductivity and thickness of a layer. Thus, 
layers with differing values of conductivity and thickness but with the same overall 
conductance will present only slight differences. This means that a high-resistivity layer twice 
as thick as a layer of half of the resistivity will show similar effects in the apparent resistivity 
values measured at soil surface, being the two cases termed T-equivalent. 
2.3.2 The Statistical Distribution of the Ground Resistivity 
Ground is a multiphase structure, comprising different kinds of rocks, with varied volumes 
and characteristics (porosity, permeability, compaction, chemical constitution, fluid content 
etc.), with a wide range of electrical resistivities. Archie’s law states that the electrical 
resistivity of a rock is basically defined by a product of a few parameters related to its 
constitution - porosity, fraction of saturated pores and resistivity of the contained fluid. It is 
expected, thus, that the log-normal distribution, which is associated with variables defined by 
a product of parameters, will be the natural distribution for the electrical resistivity. This 
finding is compatible with the fact that in geosciences most distributions are asymmetrically 
positive (but not necessarily log-normal), such as grain sizes and permeability [Caers 2011, 
Chapter 2, pp 27]. 
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According to Parker [1999, pp. 12-13]: “It has been found that large numbers of resistivity 
readings, when expressed as logarithms, tend to fall into "standard" distributions. The 
standard distribution is a well-known and extremely useful concept in statistical analysis. A 
consequence of this is that two extensive structures (such as pipe lines) each exposed to a 
wide variety of soils can be compared as to their corrosion exposure most accurately by 
comparing their logarithmic mean resistivities. The logarithmic mean resistivity of a set of 
resistivities is the value whose logarithm is the average of all the logarithms of the measured 
values”. 
For a random distribution of a multiphase ground, the bulk electrical resistivity will be given 
by the geometric mean of the resistivities of each phase weighted by its volume fraction. 
Considering that the fractions of different resistivity volumes are not known in a typical 
ground survey, it remains as the only solution to make the geometric mean of the available 
resistivities. 
It is not easy to distinguish one outlier from an extreme value in one resistivity dataset. The 
elimination of measured values which are a legitimate part the sample and effectively occur in 
the sampling universe may introduce distortions on the geoelectric model. The standard 
deviation is more sensitive to "outliers" than the geometric average, being a good statistic 
parameter only for symmetric distributions [Unsworth, 2012]. 
The abstract of the paper by Fournier & Febrer [1976], referring to magnetotelluric soundings, 
states that “This distribution is Gaussian only if the logarithm of the resistivity values is used. 
Consequently, a statistical stability is obtained when the mean and standard deviation are 
calculated in log-space.” The premise of a log-normal distribution of magnetotelluric 
resistivity and phase error estimates was adopted by Bentley [1973] and Berdichevsky et al. 
[1980]. The latter, using magnetotelluric soundings in the Baikal region, showed that the 
distribution of effective impedances can be approximated by the log-normal law [Rung-
Arunwan et al. 2016]. 
56 
Chave et. al. [2007], regarding magnetotelluric soundings and citing the papers above, state: 
“On the basis of empirical analyses, Bentley (1973) and Fournier & Febrer (1976) claimed 
that apparent resistivity is log normally distributed, and this result has been widely cited.” The 
authors conclude that - “However, the correct distribution for the apparent resistivity based on 
statistical theory is non-central χ² with 2 degrees of freedom, which is always shorter tailed 
than log-normal, especially as the non-centrality parameter (or the squared response function) 
increases”. Considering the complexity of the χ² (chi-squared) asymmetric distribution, it is a 
practical approach to keep using the log-normal distribution for engineering applications, such 
as averaging apparent resistivities from a set of soundings [Freire et al., 2016]. 
2.3.3 Uncertainty in Geoelectric Modeling 
Accurate reconstruction of the structure and physical property distribution in the ground 
subsurface using geophysical data is a difficult task, due to geological complexity, modeling 
inaccuracies, measurement uncertainties and to the inherent nonlinearity of most geophysical 
processes. Natural systems are complex and are described by physics-based models, which 
are only as good as the limited information available [Snieder & Trampert, 1999]. 
Despite the sophistication of the geophysical methods and the complexity of the mathematical 
processing of the data, the accuracy of the derived models shall not be overestimated: 
 data sets are limited and associated to errors due to interference and noise; 
 processing routines are limited by modeling assumptions; 
 the apparent resistivity curves may be galvanic distorted (static-shift deviation); 
 the prospected physical parameter may not be well solved for specific geologic structures 
and the model interpretation may be affected by equivalence or suppression ambiguity; 
 geoelectric modeling is an inverse problem, which allows for many models that may result 
in the same response on the soil surface - but not in the same electrode performance! 
Sounding stations located close to transmission and distribution lines will be affected by 
induced noise. Currents in the ground, produced by the operation of electrical fences, cathodic 
protection systems, railroads and other HVDC grounding electrodes exert high interference in 
the data acquired by any of the geophysical methods applied. Therefore, the measured data 
are typically of limited bandwidth and corrupted by ambient noise, being usually described as 
inaccurate, insufficient, and inconsistent for a unique characterization of the subsurface 
structure. The accurate prediction and hence risk reduction in decision making, demands 
combining information from data acquired using different geophysical methods and, if 
possible, observations of different physical phenomena [Meju & Gallardo, 2016]. 
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The modeling of the Earth's crust starts with the acquisition of a set of geophysical data, 
measured on the soil surface, which can be seismic, gravitational, electrical or 
electromagnetic. This data is interpreted as physical parameters, such as velocity, electrical 
resistivity or densities, and is susceptible to uncertainty, due to incomplete and noisy data. 
The ground structure is described by model parameters, which appear as coefficients of the 
differential equations that govern the underlying physics, based on the Maxwell's equations. 
Geological interpretation is limited and may result in the lack of correspondence between the 
electrical and geologic units. The geoelectrical-geostratigraphic association is not bi-univocal 
- different geoelectrical units, with assigned resistivities, will not necessarily correspond to 
different geological units characterized by different minerals compositions and/or physical 
conditions (i.e. saturation, compactation etc.). Another restriction comes from the fact that the 
resolution of the geoelectrical stratigraphy will usually be lower than that of the real 
geostructure, depending on the method/arrangement of the sounding setup. 
Therefore, more than one geological units are often merged into a single geoelectrical unit 
and, inversely, a single geologic structure may be diveded into more than one geoelectrical 
units, which can happen, for instance, due to different degrees of compaction or water 
saturation. The thickness and resistivity of a ground layer is poorly constrained by surface 
geophysical soundings, however, what is usually well resolved is the ratio of the two 
parameters, the so-called “longitudinal conductance”, resulting in equivalence or suppression 
ambiguity. 
Electroresistivity and magnetotelluric methods are affected by interferences on the electrical 
field measured at soil surface that are difficult to detect and eliminate, resulting in the so-
called static-shift. Static-shifts cause the apparent resistivities to be distorted by a 
multiplicative constant, hence introducing vertical deviations in the log curve. These 
deviations occur for any method that measures electrical field on the soil surface, affecting the 
two methods mostly used in Brazil for geoelectric modeling – VES and AMT/MT. The 
sources of the deviations are ground heterogeneities, shallower than the minimum depth 
sensed by the sounding method. Electrical charges accumulate along the interfaces of the 
heterogeneities, originating small electrical fields that are added to the deeper fields sensed by 
the method, causing a vertical displacement of the apparent resistivity curve. 
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2.3.4 The Inverse Problem 
Inverse problems are typical in the geosciences, dealing with the reconstruction of subsurface 
ground structures expressed by physical parameters, such as electrical (resistivity or 
magnetization) and mechanical (density or elasticity) variables, by measuring the associated 
fields on the soil surface. 
All inversion methods try to primarily find a model that is consistent with the measured data. 
Geoelectric modeling based in inversion procedures requires previous information and 
hypothesis about the model parameterization, which shall be compatible with the known local 
geologic information and with the observed geophysical data (number of ground layers, 
observable parameters, spatial resolution of the method/arrangement etc.). 
The inverse problem of geomagnetic induction belongs to the class of improperly posed 
problems, where small changes in the data can cause large changes in the results [Weidelt, 
1972]. Mathematical techniques are then used to infer the subsurface structure from the 
available data, involving automated inversion procedures or forward modeling (trial and error 
adjustment of the model until the data is fit). To avoid inversion instability, associated with 
the mathematically ill-posed problem definitions, a regularization process is needed, to ensure 
smoother and stable results. The solution stability and its precision can be improved by the 
appropriate choice of a regularization approach; however, the non-uniqueness aspect will not 
be achieved. In most cases, an additional model dependent function, with the quadratic form 
of the model parameters (or derivative of parameters), can be added to the minimizing 
function. Therefore, robust inversion results require uncertainty estimation, which relates 
known parameters to data errors. The typical inverse problem is thus a parameter estimation 
problem - the calculation of the coefficients of a set of differential equations, whose solutions 
are only partially observed and notoriously ill-posed, due to the associated measuring errors. 
The inversion process of converting data into a model is, in principle, a search of a statistical 
model in which the parameters for the inferred subsurface model are adjusted to the measured 
data on the surface and to data available a priori [Tarantola, 2005]. Because there is no 
unique solution for inverse problems, many results can always be found that will adjust in the 
set of measured parameters within a pre-established error range. It is thus necessary to set 
boundary conditions and constraints, which will allow for the adjustment of some variables to 
obtain the best model allowed by the available information. These constraints, in practice, are 
model parameters that can be obtained directly or indirectly. 
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The non-uniqueness in the inverse solution cannot be eliminated but can be reduced, by 
means of some strategies ─ in the data space (measurements, observables etc.), by increasing 
the data coverage (spatial and time sampling surveys) and decreasing the measurement errors; 
and in the parameters space (model parameters), using the available a priori information, 
adjusting the parameters as possible (spatial and physical attributes) and establishing good 
model assumptions (starting model). However, the reduction of non-uniqueness shall not be 
confused with accuracy of the model response. In the model’s space, a finite subset of precise 
models will give responses that fit a previously established criterion of residual reduction (a 
function of calculated and observed/measured data) or other statistical indicators. The 
acquisition of more than one set of geophysical data (seismic, electromagnetic and/or 
gravimetric), incorporating additional constraints and complementary information to the 
model to be constructed, is a good way to reduce the universe of possible solutions for crustal 
models. 
New inversion processes called joint-inversion are being developed to reduce data inversion 
models to a common model, searching for models that simultaneously serve the different 
geophysical data sets. Intensive areas of research are currently the efficient solution of the 
associated forward problems, the numerical computation of sensitivities, the selection of 
appropriate regularization techniques, and the handling of the data uncertainty [Meju, 2016]. 
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2.4 ELECTROMAGNETIC FIELDS – MAXWELL EQUATIONS 
The two classic interaction forces are gravitational and electromagnetic, both showing similar 
properties, concerning the effects of fields associated to static and concentrated sources - the 
force between two charges (given by Coulomb law) and the force exerted between two 
masses (given by Newton’s law of universal gravitation) are both a function of the inverse of 
square of the distance between the charges or the masses. There is, however, a basic 
difference - while the gravitational field is only attractive, the electromagnetic interaction is 
dependent on the polarity of the electrical charge. 
As expressed by the Faraday's law, the change of the magnetic field at one position, generates 
a change of electric field in both time and space, and the variation of the electric field 
produces a subsequent variation of the magnetic field. Therefore, the electromagnetic 
phenomena can be viewed as an energy interchange between electric and magnetic fields - the 
changing magnetic flux density produces a change in electric fields and vice versa, leading to 
propagation of the electromagnetic wave. 
A transverse electromagnetic wave has the electric and magnetic fields perpendicular to the 
direction of wave’s propagation. The polarization of a transverse wave describes the direction 
of oscillation in the plane perpendicular to the direction of travel. A plane wave is a constant-
frequency wave whose wavefronts (surfaces of constant phase) are infinite parallel planes of 
constant amplitude normal to the phase velocity vector. 
Electromagnetism is a mathematics-heavy subject, and the complete set of laws for time-
varying electromagnetic phenomena is known as Maxwell's Equations, stated as differential 
equations, what means that boundary conditions apply for a full description of the fields. The 
next items present the Maxwell’s equations and summarize the deduction of the equations and 
the establishment of the concepts that are the basis for the electrical and electromagnetic 
methods for probing the ground structure. The wave equation is the general formulation for 
the wave propagation with important physical applications, such as the electromagnetic field 
and radiation waves. 
The Diffusion Equation is a parabolic equation associated to the propagation of waves in a 
lossy medium, which was first formulated by Joseph Fourier (1768–1830), who won the 
French Academy prize of 1812 for developing this elegant solution for the 1D problem of the 
temperature variation along a metal rod heated in one end. For this reason, it is also known as 
the “heat equation”. The Poisson and the Laplace equations are elliptic equations, typically 
associated with steady-state behavior [Elliot, 1993; Cardoso, 2011; Brown, 2007].  
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2.4.1 Maxwell´s Equations for Conductive Media 
If the medium is not vacuum (but is linear, isotropic and homogeneous), then it shall be 
considered its three constitutive parameters ε, μ and σ (= 1/ρ), which in the general case are 
variable in time and space, and to which the following relations applies: 
J = σE  relates the primary current density to the electrical field (Ohm Law) (2.1) 
D = εE displacement (electrostatic) current (2.2) 
B = μH relates the magnetic induction (B) to the magnetic field intensity (H) (2.3) 
In the ground the parameter r may be considered as unity and the parameter r may present 
values in between 5 to 30, being 10 the default value. An electromagnetic field in a 
conductive media can be defined as the domain of one scalar - the electric charge density (qv, 
in C/m³), and four vectorial parameters: 
 E – electric field (V/m); 
 B – magnetic induction (Tesla or Wb/m²); 
 D – dielectric displacement (C/m²); 
 H – Magnetic Field Intensity (A/m); 
The four Maxwell equations define the relationship between these parameters, which 
characterize the electromagnetic field in space: 
Ampere Law 
dt
dD
JH 
 
(2.4) 
Faraday Law 
dt
dB
E 
 
(2.5) 
Gauss Law  vqD   
(2.6) 
4
th
 Law 0 B  (2.7) 
Ampere’s Law states that the circulation of an electrical current around any closed loop will 
be associated to a magnetic field of magnitude proportional to the total current flow (with the 
direction accordingly with the right-hand rule). Physically, this equation means that two 
phenomena create magnetic fields curling around them - electrical current, and time-varying 
electric fields. Faraday’s Law, similarly to Ampere’s Law, states that time variations in the 
magnetic fields B induces corresponding fluctuations in the electric field E curling around 
them. 
These two first equations say that time-varying electric fields create magnetic fields curling 
around them, and time-varying magnetic fields create electric fields curling around them, 
producing thus electromagnetic waves. 
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The Gauss Law states that the electrostatic field is derived from a volumetric charge density 
(qv), what means that electrical charge creates electric fields diverging from it. The 4
th
 Law, 
known as the Gauss Law for magnetism, is a consequence of the non-existence of magnetic 
monopoles, meaning that magnetic fields don’t diverge from anything, they only curl around.  
Applying Ohm Law (2.1) to the Ampere Law (2.4), it can be rewritten: 
dt
dD
EH  
 
(2.8) 
The five field quantities of Maxwell equations can be reduced to only three using the 
constitutive relations and, considering the fields time-harmonic throught the function e
iwt
, can 
be rewritten as expressions 2.9 to 2.12. These equations comprise the general form of 
Maxwell´s equations, for time-harmonic fields in linear media, and are the starting point for 
most practical applications of electromegnetic theory [Elliot, 1993, pp. 509]. 
Ampere Law 
 
(2.9) 
Faraday Law HiE 
 
(2.10) 
Gauss Law 0 H  (2.11) 
4
th
 Law 

vqE 
 
(2.12) 
2.4.2 From Maxwell´s Equations to the Wave Equation 
In mathematics and physics, the homogeneous Helmholtz equation, named for Hermann von 
Helmholtz (1821-1894), is the partial differential equation expressed by the Laplacian of a 
field (∇²F, sum of the 2nd derivatives) equals the second derivative in time of the same field 
(d²F/dt²) at a fixed point in space, multiplied by a constant, which is the wave number (k): 
∇²F = k (d²F/dt²) (2.13) 
The wavenumber is the spatial frequency of a wave, measured in cycles per unit distance or 
radians per unit distance. Whereas temporal frequency can be thought as the number of waves 
per unit time, the wavenumber is the number of waves per unit of distance. The relationship 
between wavelength and wavenumber magnitude is analogous to the relationship between 
period and angular frequency. The wavenumber k of a plane wave can be interpreted as a 
wave vector that indicates the direction of the wave propagation. 
The wave equation is a partial differential equation that governs the propagation of fields, 
such as the electromagnetic field, and for its deduction it is useful the vector identity: 
∇ × ∇ × 𝐹 = ∇(∇. 𝐹) − ∇2𝐹 (2.14) 
EiH )(  
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The deduction of the homogeneous version of the wave equation starts with the application of 
the curl operator ( ) to the Faraday Law, then the Ampere Law and the constitutive 
relations: 
∇ × ∇ × E = −μ
𝜕(∇ × 𝐻)
𝜕𝑡
= −𝜇
∂
𝜕t
(σE + ε
𝜕E
𝜕𝑡
) = −𝜇𝜎
∂E
𝜕t
− με
𝜕²E
𝜕𝑡²
 
(2.15) 
Applying the vector identity 2.14 and considering the non-existance of free charges, it is 
obtained the general 3D homogeneous wave equation for the electrical field: 
∇ × ∇ × E = −∇2E
𝑦𝑖𝑒𝑙𝑑𝑠
→    = ∇2E − 𝜇𝜎
∂E
𝜕t
− με
𝜕2E
𝜕𝑡2
= 0 
(2.16) 
The same reasoning applies for the deduction of the general magnetic field wave equation: 
∇ × ∇ × H = −σ(∇ × E) + ε
𝜕
𝜕𝑡
(∇ × E)
𝑦𝑖𝑒𝑙𝑑𝑠
→    = ∇2H − 𝜇𝜎
∂H
𝜕t
− με
𝜕2H
𝜕𝑡2
= 0 
(2.17) 
For a lossless medium, the two above general wave equations are reduced to the 
homogeneous Helmholtz wave equations, where c is the wave propagation speed: 
𝜕²𝐸
𝜕𝑡²
= 𝑐²∇²𝐸 
(2.18) 
𝜕²𝐻
𝜕𝑡²
= 𝑐²∇²H 
(2.19) 
2.4.3 The Plane Wave Propagation in the Atmosphere and in the Ground 
The electromagnetic wave that travels throught the atmosphere from the ionosphere in the 
direction of Earth’s surface can be interpreted as a plane wave, and for its study let’s consider 
the electrical field polarized in the y direction and propagating in the z direction: 
∂²E𝑦
𝜕𝑧²
− 𝜇𝜎
∂E𝑦
𝜕t
− με
𝜕2E𝑦
𝜕𝑡2
= 0 
(2.20) 
The above electrical field can be expressed by: 𝐸(𝑧, 𝑡) = 𝐸𝑦(𝑧, 𝑡) =  𝐸𝑦(𝑧)𝑒
𝑖𝜔𝑡 (2.21) 
The corresponding Helmholtz wave equation can be expressed as below: 
[
𝜕2𝐸𝑦(𝑧)
𝜕𝑧2
−
(𝑖𝜔)2
𝑐2
𝐸𝑦(𝑧)] 𝑒
𝑖𝜔𝑡 = 0
yields
→   
𝜕2𝐸𝑦(𝑧)
𝜕𝑧2
+ 𝑘2𝐸𝑦(𝑧) = 0 
(2.22) 
The wave number k =w/c = 2πf/c = 2πf/λ.  (2.23) 
The linearly polarized electric field can be expressed as: 𝐸(𝑧, 𝑡) = 𝐸0𝑒
𝑖(𝜔𝑡−𝑘𝑧) (2.24) 
Known the electric field, the corresponding magnetic field can be determined by the 
Faraday’s Law and applying the right-hand rule: 
∇𝐸(𝑧, 𝑡) = −iω𝐵(𝑧, 𝑡) = −𝑖𝜔𝜇0𝐻(𝑧, 𝑡) (2.25) 

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𝐻𝑥(𝑧, 𝑡) = −
1
𝑖𝜔𝜇0
𝜕(𝐸0𝑒
𝑖(𝜔𝑡−𝑘𝑧))
𝜕𝑧
= −
𝑘
𝜔𝜇0
𝐸0𝑒
𝑖(𝜔𝑤𝑡−𝑘𝑧) 
(2.26) 
From the coupled electric and magnetic fields, it can be calculated two parameters – the 
characteristic impedance of the medium (Zc, in Ohms) and the Poynting vector (S), the latter 
being the the vectorial product of the electric and magnetic fields, which characterizes the 
energy-flow vector indicating the propagation direction and energy carried by the 
electromagnetic wave: 
𝑍𝑐 = |
𝐸(𝑧, 𝑡)
𝐻(𝑧, 𝑡)
| =
𝜔𝜇
𝑘
= √
𝜇
𝜀
 
(2.27) 
S = E(𝑧, 𝑡) × H(z, t) (2.28) 
For the time-harmonic plane wave with the electrical field polarized in the y direction and 
propagating in the z direction, the incident electromagnetic field penetrating into the ground 
has a TE-polarization mode; therefore, no surface charge accumulation occurs at the air-
ground interface, due to the tangential electric field. For this study we can consider the ground 
a lossy homogeneous medium with no free charges, therefore, the electrical field wave 
equation can be represented as: 
∇2E(z) − iωμ(σ + iωϵ)E(z) =
∂2Ey(z)
∂z2
− γ²Ey(z) = 0 
(2.29) 
The propagation constant is a complex function of w: 𝛾2 = iωμ(σ + iωϵ)  
∆
→  γ = 𝛼 + 𝑖𝛽. 
The characteristic impedance will be expressed by the expression below, where α is the 
attenuation constant and β is the phase constant (in the vacuum α = 0 and β = k): 
𝑍𝑐(𝜔) = |
𝐸𝑦(𝑧)
𝐻𝑥(𝑧)
| =
𝑖𝜔𝜇
𝛼(𝜔) + 𝑖𝛽(𝜔)
 
(2.30) 
For a medium with large losses (σ>>ωε) and exited by low frequencies, what is the case of the 
geophysical methods used in this thesis, the conduction current will be much higher than the 
displacement current, the Ampere Law reduces to: 
∇ × H(z) = (σ + iωϵ)E(z) ≈ σE(z) (2.31) 
In this case 𝛼 ≈ 𝛽 ≈ √
𝜔𝜇𝜎
2
  (2.32) 
𝛿(𝜔) = √
2
|𝑘2|
= √
2
𝜔𝜇𝜎
= √
2𝜌
2𝜋𝑓𝜇
= √
𝜌
𝜋𝜇𝑓
 
𝑦𝑖𝑒𝑑𝑠
→   √
𝜌
𝑎
𝑇
𝜋𝜇
≅ 503√𝜌𝑎𝑇 
(2.41) 
δ(ω) is the skin depth, an inverse function of the frequency, the depth where the 
electromagnetic wave is attenuated to 1/e (1/2.7 ~ 37%) of the intensity refracted in the 
ground at soil surface. 
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The characteristic impedance will be 𝑍𝑐 = (1 + 𝑖)√
𝜔𝜇
2𝜎
 (2.33) 
2.4.4 Maxwell´s Equations for Ground Conduction 
The application of the Maxwell’s general electromagnetic equations to the telluric fields on 
the ground yields the following constraints [Simpson &Bahr, 2005]: 
 Earth does not generate electromagnetic energy, but only dissipates or absorbs it; 
 charge is conserved, and Earth behaves as a conductor, being applicable the Ohm Law; 
 all fields may be treated as conservative and analytic away from their sources; 
 the natural electromagnetic fields, generated by large-scale ionospheric current systems 
that are relatively far away from the Earth’s surface, may be treated as uniform, plane-
polarized electromagnetic waves impinging on the ground surface at near-vertical 
incidence (assumption that may not be true in polar and equatorial regions); 
 the electric displacement field (D) is quasi-static for the MT sounding periods, therefore, 
time-varying displacement currents (arising from polarization effects) are negligible 
compared with time-varying conduction currents, which reduces the treatment of 
electromagnetic induction in the ground to a diffusion process; 
 no accumulation of free charges is expected to be sustained within a layered ground, 
however, in a multi-dimensional ground structure, charges can accumulate along 
discontinuities, generating a non-inductive phenomenon known as static-shift; 
 variations in the electrical permittivity and magnetic permeability of rocks are assumed to 
be negligible compared with variations in bulk rock conductivities. 
The conductivity of the air can be considered null (σ = 0), what means that the external 
electromagnetic fields will not be significantly attenuated by the air layer between the 
ionosphere and the ground surface.  
The Snell Law (expression 2.28) was stablished by the astronomer Willebrord Snell (1580-
1626) and relates the incident and refracted angles of the light when the media is changed. 
Being light an electromagnetic wave, this law can be applied also to the incidence of a plane 
wave on the ground surface. As ρair >> ρearth, it can be considered that the refracted plane 
wave in the Earth will be always normal to its surface. 
Snell Law 
earth
air
earth
air





sin
sin
 
(2.34) 
66 
The tangent loss expression (ωε/σ), derived from the Ampere Law, relates the displacement 
and conduction currents. For the geophysical methods used for probing the geoelectric 
structure of the ground, with frequency range below 1 kHz, ωε << σ, what means that the 
displacement current can be disregarded, because it will be much smaller than the conduction 
current. 
The homogeneous form of Maxwell´s equations (for a medium without sources and charge 
accumulation), considering time-harmonic fields in linear media (throught the function e
iwt
) 
and for frequencies below 1 kHz (disregarding the displacement currents), the Maxwell´s 
equations can be reduced to: 
Ampere Law 
 
(2.35) 
Faraday Law 
 
(2.36) 
Gauss Law 0 H  (2.37) 
4
th
 Law 0 E  (2.38) 
2.4.5 From Maxwell´s Equations to the Diffusion Equation 
The diffusion equation is a partial differential equation that governs fields whose energy is 
exponentially dissipated in the media, such as the thermal and electromagnetic fields. The 
homogeneous version of this equation, valid for a medium where does not exist any sources, 
is expressed as the Laplacian of a field (∇²F) equals the rate of change of the same field 
(dF/dt) at a fixed point in space, multiplied by a constant: 
∇²F = k (dF/dt) (2.39) 
Assuming plane waves with surface amplitudes E0 and B0 and time-harmonic dependence e
-
iwt
, applying the curl  to both sides and then the vector identity of expression 2.14 and the 
constitutive relations, the Maxwell equations can be combined in the diffusion equations for 
the electric and magnetic fields: 
 
(2.40) 
 
(2.41) 
The term k² = iωμσ (1/m²) is the diffusion factor, which describes the complex penetration 
depth 1/k (m) of the EM-field. k is an imaginary parameter, whose imaginary part is 
associated with the phase lag of the wave as it penetrates the ground, and whose real part 
defines the skin depth, which represents the exponential decay of the EM-field amplitude with 
depth, as it diffuses into the ground with apparent resistivity ρa. 
EDiEEiH   )(
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The propagation of the electromagnetic fields in the Earth is ruled by the diffusion equation, 
which is the basis of the magnetotelluric method, for probing the deep ground. The diffusion 
equation means that MT sounding rely on a source of energy that diffuses into the ground and 
is exponentially dissipated, and for this reason yield volume soundings, i.e., the response 
functions are volumetric averages of the sampled medium [Simpson & Bahr, 2005]. 
68 
2.4.6 From Maxwell´s Equations to Poisson and Laplace Equations 
The Poisson and Laplace equations describe stationary fields, constant with respect to time, 
which rule steady-state processes, such as the electrostatic potential. This kind of problem is 
solved with the potential theory, that uses a scalar representation of a field, being its spatial 
derivative the corresponding field [Telford et al., 1990]. 
The Poisson equation is expressed as the Laplacian of a field (∇²F) equals a source f(x): 
∇²F = f(x) (2.42) 
In the absence of sources, the Poisson equation reduces to the Laplace equation: ∇²F = 0. 
Considering the two diffusion homogeneous equations deduced for the electromagnetic field, 
if we are interested only in the steady-state behavior, then the time-varying term can be 
disregarded, and the two equations are reduced to the corresponding Laplace equations. 
∇²E = 0 (2.43) 
∇²H = 0 (2.44) 
The Helmholtz decomposition, named after Hermann von Helmholtz (1821-1894), is a 
fundamental theorem of vector calculus, which states that any sufficiently smooth and rapidly 
decaying vector field (which vanishes at infinity) can be resolved into the sum of an 
irrotational (curl-free) vector field and a solenoidal (divergence-free) vector field. As an 
irrotational vector field has a scalar potential and a solenoidal vector field has a vector 
potential, the Helmholtz decomposition states that a vector field (satisfying appropriate 
smoothness and decay conditions) can be decomposed as the sum of the form below, where φ 
is a scalar field (the scalar potential) and A is a vector field (vector potential): 
𝐹 = −∇φ + ∇ × A (2.45) 
From the Faraday Law, for the steady-state condition the curl of the electric field is zero. 
Therefore, from the Helmholtz decomposition, the electric field can be expressed by a scalar 
electric potential field φ: 
𝐸 = −∇φ (2.46) 
Applying the constitutive relation D = εE to the Gauss Law: 
∇ ∙ 𝐸 =
𝑞𝑣
𝜖
 
(2.47) 
The Poisson’s equation for electrostatics can be thus derived, throught the substitution of the 
electric field by the potential gradient: 
∇ ∙ 𝐸 = ∇ ∙ (−∇𝜑) = −∇2φ = 𝑞/ϵ (2.48) 
If the charge density is zero, then Laplace's equation results. 
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2.5 SHALLOW ELECTRICAL METHODS 
The shallow ground reaches depths of tens of meters and can be sounded by injecting currents 
on the soil surface, allowing for the surveying of geoelectrical structures less than 100 m 
deep. The method probes the shallow subsurface employing an artificial source of DC or low 
frequency current, two electrodes for current injection (A and B) and two probes for 
measuring the potential difference (C and D). The ratio between the measured voltage (∆V) 
and the corresponding injected current (I) allows for the calculation of the apparent resistance 
(Rapp = ∆V/I), which is converted to apparent resistivity by means of specific formulas that 
consider the configuration of the electrodes. This kind of survey can be characterized by three 
definitions: 
 Method – parameter to be measured – resistivity, natural potential, electrical permittivity; 
 Technique – how the parameters are measured – vertical sounding or longitudinal profile; 
 Arrangement – electrodes configuration – Schlumberger, Wenner, dipole-dipole etc. 
Different electrode arrangements allow for different ground resistivity mapping capabilities: 
 vertical electrical sounding (VES) – one-dimensional (1D) – the vertical variation (in 
depth) of ground resistivity at a point, as viewed from the soil surface; 
 azimuthal resistivity soundings (ARS) – detect the variation of apparent resistivity with 
orientation, by rotating the electrode array through 180
o
 around a central point and 
recording soundings along several azimuths; 
 resistivity profiling - detects lateral variations displacing electrode arrays along lines; 
 electrical resistivity ground tomography - pole-dipole or dipole-dipole acquisition for two-
dimensional (2D) or three-dimensional (3D) subsoil resistivity mapping. 
Vertical Electrical Sounding (VES) is a surveying technique for exploring vertically down 
into the ground, employing an orderly and symmetrical horizontal expansion of the inter-
electrode spacings. It is a depth probing method, intended to get information of the layered 
pattern in an area by means of varying the measuring system dimensions [Neuendorf et al., 
2011]. 
The resolution and depth of the survey depend on the electrode arrangement and spacing 
adopted, besides the resistivity of the ground layers and characteristics of the measuring 
equipment (DC or AC, power, sensibility, noise filtering resources etc.). 
Among the main four-electrode arrangements, it is worth mentioning: 
 Wenner and Schlumberger - more suitable for vertical electrical sounding - the electrodes 
are aligned and displaced in pairs, symmetrically to the array center; 
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 dipole-dipole - for ground tomography - with current electrodes (A and B) remaining fixed 
and potential probes (C and D) being regularly displaced. 
Traditional empirical rules of thumb for depth of investigation establish AB/4 for a 
Schlumberger array and a (the interelectrode spacing) for a Wenner arrays [Barker, 1989]. 
These are optimistic depths, because the depth of investigation may be of the order of only 
0.12 AB in a homogeneous medium [Roy & Apparao, 1971]. The Wenner configuration is the 
arrangement with the better resolution, presenting depth of penetration from about 1/10
th
 
(standard Wenner) to 1/5
th
 (Wenner-β and Wenner-γ) of the interelectrode spacing (a) [Jones, 
2013; Szalai et al., 2009]. 
A pre-defined electrode array, sequentially employing an ordered combination of current and 
potential electrodes, provides a set of measurements of potential differences for these current-
potential electrodes combinations. The main advantage a dipole-dipole array is the possibility 
to acquire for one current dipole several potential dipoles (with potential difference 
measurements), being particularly indicated to resolve lateral resistivity variations (the other 
arrays generally have a relative greater vertical resolution). Usually the surveys are done with 
hand moved electrodes, but multi-electrode DC systems with automatic data recording are the 
best option for electrical soundings. 
Multi-electrode DC resistivity imaging is a fully automated technique with many advantages, 
such as reduction in acquisition times and high data redundancy. A digital multichannel 
georesistivimeter connected to a linear array of electrodes by a multi-core cable enables the 
simultaneous acquisition of the main quadripolar configurations (Wenner, Schlumberger and 
dipole-dipole). With short-spaced electrodes (about 10 m) and profile length up to 1000 m, a 
good penetration depth, between 100 and 200 m (depending on the ground resistivity), can be 
achieved. The measured data can be converted to a pseudo-section of apparent resistivity as a 
function of depth, and then inverted into a 2D section with good resolution [Nayak et al., 
2008]. 
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2.5.1 Restrictions of the Method  
Electroresistivity method is affected by equivalency, which was already discussed. Very 
shallow heterogeneities affect the data in two manners - spatial undersampling (or spatial 
aliasing) and static-shift deviation. For the spatial undersampling, the only solution is to 
amplify the short-spacing survey, such as it is done in ‘high-density’ electrical surveys, 
employing multi-electrode DC systems with automatic data recording. 
The static-shift deviation occurs for any method that measures electrical field on the soil 
surface, and DC resistivity is not an exception. The effects of the static-shifts are not clearly 
identifyed in Wenner surveys as it happens in Schlumberger arrays, which improves the 
signal strength by widening the spacing between the potential electrodes (MN) as the 
measured potential drops. At these specific spacings, discontinuities start to show up as 
vertical displacements of segments of the apparent resistivity curve, despite the same trend of 
the previously measured segment is maintained. The discontinuities or interruptions in the 
apparent resistivity curves can be interpreted as vertical interfaces, separating ground volumes 
of different resistivity, or as changes in the rock (often associated with aquifers). These 
discontinuities, when associated with vertical faults, may manifest themselves as a sudden and 
abrupt slope change in the curve segment in which the measuring electrodes intersect the 
fault. However, this effect it is not necessarily associated with a vertical ground fault and can 
be caused by failures with a 30
o
 tilt with respect to the vertical. 
There are two types of shifts - convergent and non-convergent (fixed shift). In convergent 
deviation, as the spacing between current probes (AB) is increased, the apparent resistivity 
curve returns to the original trend, with a gradual reduction of the initial deviation. This kind 
of shift is due to large resistivity contrasts between layers in a horizontally stratified earth. 
Non-convergent shifts are caused by lateral resistivity variations (very shallow 
inhomogeneities) at the center of the array (close to the potential electrodes). In the steady 
deviation, a segment of the apparent resistivity curve moves up or down uniformly, thus 
remaining constant over the measurements made with the new MN spacing. This shift can be 
removed by tying all segments to the last one, with the widest current electrodes spacings 
[Kanyanjua, 1997]. 
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The statistical approach concerning the static-shift in electroresistivity surveys depends on the 
availability of a number of VES that is statistically valid (> 20), which can be averaged in 
order to produce an average apparent resistivity curve for the study area. The premise is that 
the static-shift deviations present a Gaussian distribution, and thus, with an average of a 
statistically representative sampling, the errors will be cancealed or, at least, reduced. 
2.5.2 Expressions for Schlumberger and Wenner Arrangements 
Considering the two arrangements of four electrodes of Figure 2.2, aligned and symmetric to 
the central point, the application of expression 1.6 allows for the calculation of the 
geometrical factor for the Wenner and Schlumberger sounding configurations. 
The potential difference between the potential probes M and N, for the injection of current I 
between electrodes A and B will be given by: 
𝑉𝑀𝑁 = 𝑉𝑀 − 𝑉𝑁 =
𝜌𝐼
2𝜋𝐴𝑀̅̅ ̅̅ ̅
+
𝜌(−𝐼)
2𝜋𝐵𝑀̅̅ ̅̅ ̅
−
𝜌𝐼
2𝜋𝐴𝑁̅̅ ̅̅
−
𝜌(−𝐼)
2𝜋𝐵𝑁̅̅̅̅̅
=
𝜌𝐼
2𝜋
(
1
𝐴𝑀̅̅ ̅̅ ̅
−
1
𝐵𝑀̅̅ ̅̅ ̅
+
1
𝐴𝑁̅̅ ̅̅
−
1
𝐵𝑁̅̅̅̅̅
)=
𝜌𝐼
2𝜋
𝑘 (2.49) 
The factor k is geometric factor, deppendent on the electrodes arrangement. From the ratio 
between the measured potential to the injected current it is possible to calculate the apparent 
resistivity for any symmetrical electrodes arrangement: 
𝑅𝑎 =
𝑉𝑀𝑁
𝐼
=
𝜌
2𝜋
𝑘
𝑦𝑖𝑒𝑙𝑑𝑠
→    𝜌𝑎 =
2𝜋
𝑘
𝑅𝑎 
(2.50) 
For the Wenner arrangement, where the distances between electrodes are equal to a, k = 1/a. 
The apparent resistivity for the Schlumberger arrangement will be given by the following 
expression: 
𝜌𝑎 = 𝜋
(𝐴𝐵̅̅ ̅̅ )2 − (𝑀𝑁̅̅ ̅̅ ̅)2
4𝑀𝑁̅̅ ̅̅ ̅
𝑅𝑎 
(2.51) 
Ff a = MN = AB/3, then the formula is reduced to that of the Wenner arrangement. If the 
spacing between the current electrodes is equal to five times the spacing between the potential 
probes (AB = 5 MN), then the formula is reduced to: 
𝜌𝑎 = 𝜋 × 5𝑀𝑁̅̅ ̅̅ ̅ × 𝑅𝑎 (2.52) 
The above calculated expressions will be valid if the measuring probes can be considered 
punctual, what means that the depth of penetration in the soil surface (p) will be much smaller 
than the spacing between probes (p << a). 
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Figure 2.2: Wenner and Schlumberger electrodes arrangements. 
 
2.5.3 Comparaison between the Schlumberger and Wenner Arrangements 
Each sounding arrangement has a different response concerning the contribution of each 
subsurface volume unit to the measured potential at the soil surface. For the Wenner 
arrangement, the main response is largely flat, indicating that for horizontal layer soils this 
arrangement provides good vertical resolution. However, for the same spacing between 
current electrodes (AB), the Schlumberger arrangement can reach deeper ground layers. 
Concerning the errors introduced by the coupling between the current and voltage lines, it is 
expected that, for the same spacing between the current electrodes (AB), the Wenner 
arrangement presents smaller errors than the Schlumberger arrangement. 
It happens because usually the potential electrode spacing in the Schlumberger arrangement is 
smaller than in the Wenner arrangement, and thus, the signal from the latter will be stronger. 
In two situations the Wenner technique can result in a better model - if the measuring 
equipment is not very powerful/sensitive; or if there are no homogeneities located near the 
soil surface. In the first case, the widening of the potential electrodes for each spacing, allows 
for a better preservation of the measured potential levels, requiring less current injection or 
less sensitivity of the galvanometer. 
In the second case, the Schlumberger arrangement, which displaces only the current 
electrodes (AB), keeping the potential electrodes fixed and with a not too wide spacing, can 
result in loss of precision in two situations - for larger spacings of current electrodes, where 
the potential measured between the potential electrodes is very low; and if the potential 
electrodes are inadvertently positioned on a shallow soil volume not characteristic of the local 
average. 
For the Schlumberger arrangement, when the measured potential (MN) falls below a reference 
value, it is usually done the so-called "clutch" operation, with the widening of the separation 
of the potential electrodes and thus increasing the measured ΔV, keeping the current 
electrodes fixed. This procedure results that for each measurement where this operation is 
applyied, two potential measurements are done, with two different MN spacings. 
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The two sounding arrangements will result in similar resistivity models, with a small 
advantage in terms of accuracy (of the order of 10%) for the Schlumberger technique, with 
the additional advantage of a higher productivity in the field, because only two electrodes (A 
and B) are displaced at each measurement. It can be concluded that for small spacings (up to 
200 m between current electrodes), the Wenner method is more suitable. For deeper 
soundings, which will require larger spacings, the Schlumberger technique will be better. 
2.5.4 The Interpretarion of the Electroresistivity Sounding 
The spatial distribution of the potentials produced by the electrical sounding, where the 
physical process involved is steady-state conduction, is described by the Laplace equation, 
what means that geoelectrics is a potential method. Electroresistivity is, therefore, a potential 
method, suffering from the limitations associated to this kind of method, in particular, a very 
limited depth resolution [Simpson &Bahr, 2005]. The expression 2.49 does not apply for a 
horizontally stratified ground, being in this case needed the solution of the Laplace potential 
differential equation [Kearey, 2002]: 
𝑉𝑖 =
𝜌𝑖𝐼
2𝜋
∫ 𝐾(𝜆)𝐽0(𝜆𝑟)𝜕𝜆
0
 
(2.53) 
Where Vi is the potential at the point i of the soil surface, and: 
 ρi = the resistivity of the first ground layer; 
 I = injected current; 
 K = kernel function (with information of the layered model); 
 J0 = Bessel function of the first order; 
 r = distance to the point of the current injection; 
 λ = integration variable. 
One commonly used method for 1D data inversion is the damped least-squares method, which 
starts from an initial model (such as the homogeneous ground), and iteratively refines it to 
reduce the data misfit to a desired level (usually less than 5%). This method is based on the 
following equation [Loke, 2011]: 
(𝐽𝑇𝐽 + 𝜁𝐼)∆𝑞 = 𝐽𝑇∆𝑔 (2.54) 
Where: 
 J = Jacobian matrix of partial derivatives of apparent resistivity with respect to the model 
parameters; 
 ∆q = vector with the deviations from the true model of the estimated model parameters, 
which are the logarithms of the resistivity and thickness of the model layers; 
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 ∆g = difference between the logarithms of the measured and the calculated apparent 
resistivity values; 
 𝜁 = damping or regularization factor that stabilizes the ill-condition Jacobian matrix 
usually encountered in geophysical problems. 
2.6 NEAR-SURFACE ELECTROMAGNETIC METHODS 
The near-surface can reach a depth of a few hundreds of meters and can be sounded with the 
help of applied electromagnetic fields, allowing for probing geoelectrical structures down to 1 
km depth. TDEM (time-domain electromagnetic) and AMT (audio-magnetotelluric) are two 
electromagnetic methods used to survey the near-surface. Airborne EM methods can also be 
applied for surveying near-surface structures [Jones, 1997]. The AMT method will be shortly 
presented with the magnetotelluric method. 
TDEM, also known as TEM (transient electromagnetic method), is a technique based on the 
injection of alternate polarity DC pulses in a transmitter loop. The current flow is not 
instantaneously interrupted, when each current pulse is suddenly interrupted. When the 
magnetic field is time-variant, it takes a few microseconds (ramp time) to decay but is quickly 
attenuated, inducing an electromotive force (emf) in the ground subsurface. 
As predicted by Faraday´s law and according to the transmitter loop geometry, eddy currents 
associated with emf will flow in the ground subsurface, with a ‘smoke rings’ pattern. The 
secondary magnetic field produced by these currents can be measured on the soil surface by 
means of a receiver coil, with amplitude and phase as a function of the resistivity distribution 
in the subsurface. For resistive targets, the initial voltages recorded by the receiver may be 
large but will decay rapidly with time. Conductive targets will have lower initial potentials, 
but the fields will decay more slowly [Nabighian & Macnae, 1991; Meju & Everett, 2007]. 
It is possible to perform an inductive survey using airborne equipment, since no contact with 
the ground is necessary. Depending on the arrangement of the emitter and receiver coils, on 
the measurement parameters, and on subsurface geoelectric structure, information the 
apparent resistivity from shallow and near-surface ground layers can be obtained, down to a 
few kilometers deep. TDEM has a higher resolution than MT, being able to sense resistivity 
changes of the order of 0.1 Ω.m [Max Meju, direct information]. Depending on the 
instrumental set-up and on the survey parameters, TDEM measurements provide information 
on the distribution of the electrical resistivity from few tens of meters deep, down to one 
kilometer below soil surface [Bortolozo, 2011]. 
The central-loop TDEM sounding method has several advantages over DC sounding methods: 
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 it is less sensitive to lateral resistivity variations and much more downward-focused, which 
means that the 1D inversion provides a better geoelectric model; 
 the transmitter couples inductively to the ground and no current is injected (of great 
importance in areas where the surface is highly resistive); 
 stronger signal in low resistivity areas, higher resolution and lower sensitivity to layer 
equivalency, and for the same surveyed area it presents a much higher penetration depth; 
 the fact that the monitored signal is a decaying magnetic field, rather than an electric field 
at the surface, makes the results much less dependent on local resistivity conditions at the 
receiver site - the curves only respond to the surface inhomogeneity at early times 
(important characteristic that is applied to correct static-shifts in MT soundings). 
Different coils arrangements and dimensions can be applied - loops from a few meters to a 
few kilometers. The same coil may act as a transmitter and a receiver, but it is more often 
used a large rectangular transmitting coil over the ground, with a receiver coil of equal size or 
smaller. The resolution for shallow and near-surface surveys will depend on the transmitter 
and receiver coils configuration, which may have many arrangements, such as: 
 coincident loop - both coils have the same size and are superimposed; 
 central loop - both transmitter (Tx) and receiver (Rx) coils are placed around a common 
central point, presenting a very good signal/noise relation. 
Among the disadvantages of TDEM, when compared to DC VES, it is worth mentioning that 
it is not good to probe ground layers in the high-resistivity range (> 1000 Ωm); it is more 
susceptible to interferences due to metallic pipes, fences and cables, noise irradiated by 
energy lines etc.; the equipment is more complex and expensive, and the procedures for the 
data interpretation are more complicated. 
The interference sources for TDEM are man-made structures close to the measuring station: 
 galvanic – due to grounded loops of metallic structures (transmission lines, fences etc.), 
which form RL circuits exited by the TDEM primary field – this interference is difficult to 
identify on the data and results in the lowering of the measured resistivities; 
 capacitive – due to buried insulated metallic bodies (cables, pipelines etc.), which forms an 
RLC circuit exited by the transmitter loop that will present an oscillating decay, 
introducing noise in the receptor loop – this interference is easily identified on the 
measured data. 
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2.6.1 The TDEM Damped Wave Equation 
The TDEM method produces an artificially controled field, which induces into the ground the 
circulation of a current. Combining Ohm, Ampere, and Faraday laws results in the damped 
wave equation: 
𝜕2𝐵
𝜕𝑡2
−
𝜕2𝐵
𝜕𝑡2
𝜇0𝜖 − 𝜇0𝜎
𝜕𝐵
𝜕𝑡
= 𝜇0𝛻 × 𝐽𝑆 
(2.55) 
The second term of this equation is associated to the wave propagation (from the Helmholtz 
Equation) and can be disregarded for the frequencies involved in the TDEM sounding. The 
third term is associated to the energy dissipation in a diffusive way and can be associated to 
the diffusion equation. The damped wave equation reduces, thus, to the non-homogeneous 
diffusion equation. 
Therefore, the TDEM induction is a diffusive process, whose physical understanding can be 
explained by assuming that the induction process is equivalent to the diffusion of an image of 
the transmitter (TX) loop current into the conductive ground. The electromagnetic image 
current moves by self-induction, propagating with attenuation in the conducting ground, being 
the smoke ring pattern associated to the transmitter loop, which generates a vorticity, as 
described by the Biot–Savart Law [Meju and Everett, 2007]. 
2.7 MAGNETOTELLURIC METHOD (MT) 
Initially proposed in the 1950’s [Tikhonov, 1950; Rikitake, 1948; Cagniard, 1953], the 
magnetotelluric (MT) method uses naturally occurring electromagnetic signals, produced by 
plasma process in the Earth´s magnetosphere and by lightning discharges in the atmosphere, 
which are the primary electrical and magnetic fields. The MT method assumes this primary 
field to be a sum of electromagnetic waves, in the frequency range from 10000 Hz to 30000 s, 
which produce approximately planar horizontal EM waves that propagate downwards through 
the resistive atmosphere. The plane wave assumption applies to periods limited to 10
4
 s and 
the Earth’s curvature is not significant for periods less than one day [Simpson & Bahr, 2005].  
When this plane wave strikes the Earth, with normal incidence to its surface, most of the 
signal is reflected to the atmosphere. However, a small fraction is refracted vertically 
downward and is transmitted into the ground, with a significant decrease in propagation 
velocity. The propagation of this oscillating electromagnetic field is diffusive, being thus 
attenuated and phase-lagged with depth. Since Earth is conductive, the primary fields give rise 
to the circulation of time varying telluric currents that penetrate deeply into the Earth, which 
induce secondary electromagnetic fields that can be measured on the ground surface.  
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Natural electromagnetic fields contain a wide spectrum of frequencies. As the electromagnetic 
field depth of penetration is dependent on the field frequency and soil resistivity, the latter can 
be calculated as a function of frequency, by the transformation of the recorded time-varaying 
electric and magnetic fields to the frequency domain. This allows for the investigation of the 
lithosphere electrical resistivity structure at depths ranging from one to hundreds of 
kilometers. 
MT sounding requires the simultaneous measurement of time-series of orthogonal 
components of electric (Ex and Ey) and magnetic (Bx, By and and Bz) fields. Broadband MT 
data (1000–0.001 Hz) is used for sounding down to mid-crustal depths, with weaker signals in 
the MT deadband (10 Hz - 10 s). 
AMT sounding is very practical, because an hour is enough to record a good AMT data time 
series in the frequency range of 10000 – 0.1 Hz, allowing for sampling the upper 1 km of the 
ground and for collecting information on the geoelectric structure of the bedrock. The main 
Audio-magnetotelluric (AMT) source are the electromagnetic waves irradiated worldwide by 
lightning storms, which propagate within the spherical Earth–ionosphere waveguide with low 
attenuation [Garcia & Jones, 2002]. 
The signal strength depends on the time of day, and better data quality is usually obtained 
during the night time and early morning hours, allowing for better signal-to-noise ratio in the 
AMT dead-band of 1000–5000 Hz. This happens because the EM field is less attenuated on 
the night side of the Earth–ionosphere waveguide. Anthropogenic electromagnetic signals 
interfere with the data, and the use of a remote MT station allows for removing the distorted 
MT signals [Lahti, 2015]. In noisy environments the AMT natural signals can be 
supplemented by a transmitter, being this modified technique termed – CSAMT - Controlled 
Source Audio Magnetotellurics [Unsworth et al., 2005]. 
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MT images the subsurface resistivity structure by means of the skin depth effect, since the 
electromagnetic induction is governed by a diffusion equation, what means that it is a 
volumetric sounding, being the depth of signal penetration inversely proportional to the signal 
frequency. According to Dohr et al. [1989] - "... magnetotellurics works like a broad paint 
brush, coloring the layers bounded by the seismic reflections". Seismic exploration uses the 
non-diffusive wave equation, which allows for the detection of features with thickness of λ/4. 
In contrast, MT cannot image sharp interfaces with the same vertical detail as a seismic 
reflection survey, because EM methods use diffusive signals with a wavelength of the same 
order of magnitude as the skin depth. However, MT data provides images of electrical 
resistivity - a parameter that is particularly sensitive to the temperature and to the presence of 
highly conductive phases, such as water, melt, sulphides or graphite. 
Therefore, MT can provide valuable information on bulk material properties related to the 
amount of fluid, type of fluid and temperature of the rock [Jones, 2009; Unsworth, 2009]. The 
MT (Magnetotelluric) and TDEM (Time-Domain EM) methods are far more sensitive to 
subsurface fluid distribution (including melts produced by partial melting) than any other 
geophysical method. 
2.7.1 The Magnetotelluric Survey and Raw Data Processing 
Figure 2.3 presents the typical magnetotelluric measurement setup, which allows for the 
acquisition of two electrical field time series (Ex and Ey) and three magnetic field time series 
(Hx, Hy and Hz) at soil surface.  
2D resistivity sections provide a useful visual aid, highlighting the subsurface structure, 
mainly for the electrode Site Selection phase. For 2D profiles, a linear relationship can be 
considered between the stations spacing and the depth to be investigated, i.e., if a good 
resolution is desired for a 5 km depth, then the soundings shall be spaced by this distance. The 
ideal spacing between MT stations is obtained considering the depth of the relevant tectonic 
features, such as the basement of a sedimentary basin or the main faults within a high-
resistivity environment. MT signals are very weak, of a few tens of milli-Volts, therefore, the 
MT stations should be located at least 1 km away from substations, transmission and 
distribution lines, electrified railways, cathodic protection systems and any other sources of 
electrical interference. 
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The EM fields in a half-space decrease exponentially with depth, so the usual practice in MT 
surveys is to logarithmically space the frequencies at which the responses are calculated 
[deGroot-Hedlin & Constable; 1990]. The lowest frequency that can be detected in a time 
series is f = 1/T, where T is the time length (period, in seconds). Averaging over multiple 
cycles of the signal is required to get an accurate estimate of a given frequency, typically 
requiring at least 20 cycles. For a broadband MT, the recording time for measuring ρa(ω) and 
ϴ(ω) at 20 Hz is at least 1 second, and for a period of 3600 s (one hour), data should be 
recorded for at least 20 hours. The diffusion equation implies that for sounding deeper 
structures longer periods are needed, and that for a given frequency of the induced EM field, 
its penetration depth is a direct function of the resistivity [Oskooi, 2004]. 
The estimate of the MT impedance tensor relies on several assumptions that are 
approximations of the real world. The natural source electromagnetic data exhibit departures 
from the basic premises of the MT method, including outliers caused by both measurement 
errors and source field inhomogeneity sources, being well-known that these disturbances can 
compromise conventional spectral estimates [Wawrzyniak et al., 2012; Chave & Thompson, 
1989, 2004]: 
 the MT fields are the result of many astrophysical phenomena - although the signal is 
assumed to be stationary during the data acquisition, it varies continuously, both in 
direction and in magnitude, besides being affected by non-stationary phenomena such as 
geomagnetic storms and nearby lightning; 
 natural source fields are complex, and the incident plane wave is an approximation that 
does not hold at high or low latitudes; 
 the noise on the EM fields is Gaussian – interference noise is superimposed to the natural 
fields, therefore, the required clearance from facilities in general (especially substations 
and transmission lines) limits its applicability near urban and industrial areas.  
Conventional MT data processing has historically been based on classical least-squares 
regression approaches and Gaussian statistical models, despite actual MT data present non-
Gaussian data errors. These classical methods are well known to be sensitive to small amounts 
of unusual data, uncorrelated noise in the magnetic field variables and inadequacies of the 
model description itself. The remote reference method uses observations of the horizontal 
magnetic field acquired at an auxiliary remote site, for the adjustment of bias from 
uncorrelated local magnetic field noise. 
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Robust processing methods are relatively insensitive to small inadequacies of the model or to 
moderate levels of outliers and non-stationarity [Chave & Thompson, 1989, 2004]. The 
combination of the remote reference method with robust data processing has improved the 
reliability of the estimates of the magnetotelluric response [Egbert & Brooks, 1986].  
 
Figure 2.3: magnetotelluric measurement setup (eNS and eEW dipoles 50-200 m apart) 
[modifyed after Lahti, 2015]. 
2.7.2 The Magnetotelluric Tensor 
The vectorial nature of the electrical and magnetic fields allows for the determination of the 
tensor structure of the ground resistivity, from the measurement on the soil surface of the time 
series of the fluctuations in the natural electromagnetic fields: 
 magnetic flux density or magnetic induction in three axes – Bx, By and Bz; 
 electric field intensity in two axes – Ex and Ey. 
The electrical or telluric channels (Ex and Ey) measure potential differences on the soil surface 
(usually in mV/km) by means of cross-dipole (or L) configuration, with the use of lead-
chloride electrodes to make the contact with the ground. The dipoles are usually aligned with 
the magnetic North with the help of a compass. The magnetic flux density components (Bx, By 
and Bz) are measured by highly sensitive induction coils (usually in nT) [Pádua, 2004]. 
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This configuration enables the calculation of impedances, that are direction dependent (or 
anisotropic) in orthogonal directions on the soil surface, which enable the calculation of 
apparent resistivities. The magnetic induction (B) and the magnetic field intensity (H) present 
the following constitutive relation: 
B = μ0 H (2.56) 
For a 1D subsurface structure, the ratio between the orthogonal components of the electrical 
field (E) and magnetic field intensity (H) results in the complex impedance tensor Z in the 
frequency domain: 
Z = Ex/Hy  (2.57) 
In the same way, the ratio between the orthogonal components of the electrical field (E) and 
magnetic induction (B) results in the magnetotelluric tensor (M, in m/s), which has dimension 
of speed [Weaver et al., 2000]. 
M = Ex/By (2.58) 
The orthogonal components of the horizontal electric and magnetic fields are related via the 
complex impedance tensor: 
E = Z x H = Z x B/μ0   
(2.59) 
The magnetotelluric tensor can be expressed with different units, such as [Pádua, 2004]: 
 E/B in SI units - [V/m]/[T]; 
 E/B in practical units - [mV/km]/[nT]; 
 E/H in SI units - [V/m]/[A/m] = Ohm. 
The generic magnetotelluric tensor, which applies to a 2D or 3D Earth, can be expressed by 
the equation below, where the superscript H denotes the Hermitian transpose and the terms in 
parentheses are the exact cross-power and auto-power spectra [Chave & Thompson, 1989]. 
𝑀 = (𝐸𝐵𝐻)(𝐵𝐵𝐻)−1 (2.60) 
Being a tensor, and thus associated with a physical field, Z also contains information about 
dimensionality and direction, and each of its components is complex number representing 
impedance, with real and imaginary parts, or magnitude and phase: 
 
(2.61) 
 
(2.62) 




















0
0
/
/


y
x
yyyx
xyxx
y
x
B
B
ZZ
ZZ
E
E
0
2
0
* )()()(
)(





ijijij
ij
ZZZ
a 


 
 









 
ij
ij
ij
Z
Z
1tan
83 
The MT phase (ϴxy) is the phase delay between the electric and magnetic fields measured on 
the soil surface, being sensitive to changes in subsurface resistivity with depth. The phase 
between the electric and magnetic fields is calculated for the different frequencies. 
The phase difference will be 45° for a homogeneous ground, and the passage of the phase 
curve by the 45
o
 line indicates an inflexion of the apparent resistivity curve. When the 
apparent resistivity increases with the period (i.e. with depth), the phase will be less than 45°, 
and similarly, a decrease in resistivity will correspond to a phase greater than 45°. Phase 
values larger than 45° indicates a decreasing resistivity with depth (a conductor layer), and 
vice versa, a phase below 45° indicates a resistive structure. Phase and apparent resistivity are 
thus not independent, being related by the Hilbert transform [Weidelt, 1972; Fischer and 
Schnegg, 1980]. As shown by several researchers [Parker, 1970; Jones and Hutton, 1979], the 
phase information provides an additional set of constraints to the model parameters that may 
satisfy the observed response. Reliable phase estimates are essential if the MT impedance 
and/or admittance tensors are to be rotated. It is possible to calculate Weidelt's "approximate 
phase" from the gradient of the apparent resistivity curve, but this is only an approximation 
and is not to be preferred over real data [Jones et al., 1983]. 
2.7.3 Dimensionality of MT Data 
Before converting the MT data into a geoelectric model, it is important to understand the 
dimensionality of the data. On a 1D ground, the same apparent resistivity will be measured 
regardless of the direction in which the electric and magnetic fields are measured, however, if 
the ground has a 2D resistivity structure, the apparent resistivity will vary with azimuth. 
Once the dimensionality has been understood and distortion addressed, MT can be forward 
modeled or inverted in 1D, 2D, or 3D to recover a model of subsurface electrical conductivity 
[Unsworth & Rondenay, 2012]. A 2D analysis is much simpler than a full 3D analysis and 
allows for much more information than a simple 1D analysis [Unsworth et al., 2005]. 
Between the 1960s to 1980s amplitude-based methods were used to determine dimensionality 
and directionality. These were shown to be very easily biased by even small galvanic 
distortion effects of the E-fields. The modern trends focus on using phase-based methods. The 
problem shall be solved within a statistical framework, so that it can be known whether the 
data fits or not a 2D regional ground model, considering the errors in the data and on the 
strike direction. 
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The phase tensor works well for data with low noise and low distortion, however, it is prone 
to huge biases in the presence of noise and distortion, which leads to inconsistencies on a site-
to-site basis [Jones AG, 2014, comment at MTNet]. 
If the data and the MT station display the below listed features, it may be confidently assumed 
that a 1D model will be valid or, at the very least, justifiable [Jones et al., 1983]: 
 small or zero magnetic response functions, which means small induction vectors; 
 small values for the diagonal elements of the impedance tensor relative to the off-diagonal 
elements, which means small skew values; 
 similarity of the two off diagonal elements of the impedance tensor (Zxy and Zyx), which 
means overlaping apparent resistivity curves (XY and YX); 
 no dominant maximising direction of the impedance tensor with frequency, what means 
that rotating the axis do not change significantly the shape of the apparent resistivity 
curves; 
 no strong geological or tectonic boundaries close to the recording site, such as coastlines, 
major faults, subduction zones, volcanoes, major folds, mountain ranges etc. 
Figure 2.4 presents a 3D body of conductivity σ2 embedded in a conductivity half-space of 
conductivity σ1. For short periods of the MT sounding, the skin depths are small compared to 
the dimensions of the 3D body, which thus induces a 1D response. As the sounding period 
increases, the inductive scale length may extend enough to encompass at least one edge of the 
anomaly, and the MT transfer functions appear multi-dimensional. 
For long periods, such that the electromagnetic skin depth is very much greater than the 
dimensions of the anomaly, its inductive response becomes weak, but a so-called galvanic 
response remains, which is frequency independent (i.e. real and not inductive) [Simpson & 
Bahr, 2005]. 
 
Figure 2.4: dimensionality scale dependence [Simpson & Bahr, 2005, Fig. 2.11, pp. 35]. 
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2.7.4 1D Ground Structure 
For a 1D ground, the impedance tensor is an anti-diagonal matrix with its two components 
equal in modulus but with opposite signs [Simpson and Bahr, 2005; Marti et al., 2009]: 
 Zxx = Zyy = 0 - diagonal elements of the impedance tensor that couple the parallel 
components of the electric and magnetic fields; and 
 Zxy = - Zyx - off-diagonal elements of the impedance tensor that couple the orthogonal 
components of the electric and magnetic fields. 
For a 1D model, where conductivity varies only with depth, resistivity (ρ) and phase (ϴa) are 
calculated by means of the following expressions: 
 
(2.63) 
 
(2.64) 
2.7.5 2D Ground Structure 
For a 2D ground, in which conductivity varies along one horizontal direction as well as with 
depth, the following relation applies: Zxx =  ̶ Zyy; and Zxy ≠ Zyx. In case the X or Y direction is 
aligned along the electromagnetic strike, Zxx and Zyy are again zero, which means that 
mathematically, a 1D anisotropic ground is equivalent to a 2D ground. In contrast to a 1D 
ground, vertical field components (Ez and Hz) can be non-zero [Simpson and Bahr, 2005]. 
If a dimensionality analysis is made and the data can be considered 2D, with a defined strike 
direction, the MT data can be rotated mathematically to this coordinate system for all 
subsequent analyses. 
In this case the 2D ground model will consider a structure with a geological strike parallel to 
the X-axis, with the electrical resistivity varying only in the Y and Z directions, and all 
structures extending to x = ±∞ [Unsworth et al., 2005]. 
For a two-dimensional ground, with the impedance tensor components aligned with the strike 
direction, the impedance tensor Z is reduced to an anti-diagonal matrix: 
where Zxy ≠ Zyx, and Zxx = Zyy = 0 
(2.65) 
The expression below defines the general case, where the measured impedance tensor defines 
an angle of θ with the strike direction, being R0 and R0
T
 a clockwise rotation matrix and its 
transpose [Marti et al. 2009]. 
𝑀2𝐷 = 𝑅0𝑀2𝐷(𝑤)𝑅0
𝑇 (2.66) 
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After rotating the data to the dominant regional strike, the apparent resistivity and phases can 
be then computed from the along-strike electric current's TE mode and from the across-strike 
electric current's TM mode. It is important to highlight that it is common for a consistent 
geoelectric strike, to be well-defined only in a subset of a MT dataset [Jones AG, 2014, 
comment on MTNet]. A few tests can be applied to MT data and should a 2D approach be 
appropriate, then 2D inversion can be applied to a profile of stations using a few well-tested 
inversion algorithms [Unsworth and Rondenay, 2012]. 
Figure 2.5 shows the electrical and magnetic fields at both X and Y directions, configuration 
that allows for the calculation of the ρxy and ρyx, and the corresponding phases ϴxy and ϴyx: 
 TE - Transverse Electric Mode (E Polarization) - ρxy and ϴxy are computed from electric 
field parallel and magnetic field orthogonal to strike (currents flowing parallel to strike); 
 TM - Transverse Magnetic Mode (B Polarization) - ρyx and ϴyx are computed from 
magnetic field parallel and electric field orthogonal to strike (currents flowing 
perpendicular to strike). 
The same Figure 2.5 shows a 2D structure with a vertical contact between two different 
conductivity zones and the behavior of the electric field before and after the discontinuity. If 
the resistivities are 1 = 10 Ωm and 2 = 1000 Ωm, the following relationship is applied: 
J = E/  E1/10 = E2 /1000  E2  > E1 (2.67) 
Because of the discontinuous behavior exhibited by ρyx, B-polarization apparent resistivities 
tend to resolve horizontal resistivity variations better than E-polarization apparent resistivities. 
The magnetic field is continuous along the discontinuity, but as the current must be kept 
constant throughout the discontinuity, the change in resistivity requires that electric field Ey 
be discontinuous. 
In the TM mode, the electrical field Ey is perpendicular to the discontinuity, and the need to 
maintain the current conservation in the direction perpendicular to lateral discontinuities 
(considering that there are no charge sources), results in the Ey electric field presenting 
strikingly different values on both sides of the interface (due to electrical charges 
accumulation), and thus in data distortion [Simpson & Bahr, 2005].  
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Figure 2.5: bidimensionality (2D) and polarization modes - E (TE mode) and B (TM 
mode) [modified after Simpson & Bahr, 2005]. 
2.7.6 MT Rotational Invariants 
Rotational invariants are parameters derived from the magnetotelluric tensor Z that do not 
contain any angular information, being thus independent of the recording axes. Szarka & 
Menvielle [1997] have demonstrated that a 2x2 complex tensor has seven independent real-
valued rotational invariants. The three main rotational MT invariants from the impedance 
tensor Z are [Berdichevsky & Dimitriev, 2008]: 
𝑍1 = 𝑡𝑟[𝑍] = 𝑍𝑥𝑥 + 𝑍𝑦𝑦 (2.68) 
𝑍2 = 𝑑𝑒𝑡[𝑍] = 𝑍𝑥𝑥𝑍𝑦𝑦 − 𝑍𝑥𝑦𝑍𝑦𝑧 (2.69) 
𝑍3 = 𝑍𝑥𝑦 − 𝑍𝑦𝑥 (2.70) 
From the above invariants it is possible to calculate the three complementary invariants: 
𝑍𝑒𝑓𝑓. = √𝑍𝑥𝑥𝑍𝑦𝑦 − 𝑍𝑥𝑦𝑍𝑦𝑧 (2.71) 
𝐵𝑒𝑟𝑑𝑖𝑐ℎ𝑒𝑣𝑠𝑘𝑦 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 = 𝑍𝑏𝑟𝑑  = 𝑍1 = (𝑍𝑥𝑦 − 𝑍𝑦𝑥)/2 (2.72) 
𝑡𝑟[𝐶] = 𝑍𝑥𝑥
2 + 𝑍𝑥𝑦
2 + 𝑍𝑦𝑥
2 + 𝑍𝑦𝑦
2  , where [C]=[Z][Z]
T
 (2.73) 
Z1 is the arithmetic mean of the principal (off-diagonal) components of the impedance tensor.  
The determinant average (Zdet), also known as effective impedance (Zeff), is a 1D 
interpretation of the anisotropic MT data, based on a rotationally invariant scalar average of 
the impedance tensor, where the direction-dependent resistivity is reduced to the bulk value 
Zdet. The advantage of using invariant data is that they provide a practical average of the MT 
impedance for all alignments, being unique and independent of the strike direction [Oskooi 
and Ansari, 2007]. 
Rung-Arunwan et al. [2016] suggests the use of the Zssq below, as a better invariant for the 
calculation of the 1D response of a MT sounding, justifying that the obtained geoelectric 
model will be less affected by the static-shift deviation. 
𝑍𝑠𝑠𝑞 = √(𝑍𝑥𝑥2 + 𝑍𝑥𝑦2 + 𝑍𝑦𝑥2 + 𝑍𝑦𝑦2 )/2 
(2.74) 
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2.7.7 Equivalence Principle for MT Soundings 
As it happens with geoelectric models obtained from the electroresistivity technique, the 
models derived from MT soundings are also affected by the "principle of equivalence". MT 
data resolve conductance and conductivity gradients, rather than conductivity [Simpson & 
Bahr, 2005]. MT is thus sensitive to the conductance of the layer and to the depth to the top of 
the layer; however, it cannot separately determine the thickness and conductivity of the layer 
[Unsworth & Rondenay, 2012]. One effect of the diffusive, long-wavelength nature of the MT 
signals used to image the subsurface is that sharp interfaces between deep layers will be 
difficult to be imaged with MT [Unsworth et al., 2005]. This makes deep conductive 
structures difficult to be individually identified by means of MT sounding. For example, it 
turns out to be almost impossible to distinguish by means of surface geophysical 
measurements a 5-cm graphite vein or a 10-km thick porous layer filled with brine in the deep 
crust, if no additional information is available on conductivity or layer thickness (e.g. 
obtained from seismic soundings, for example) [Jodicke, 1992]. 
For the anisotropic two-dimensional model, the physical scaling laws depend on the 
polarization, because anisotropy is at a scale size that is much smaller than the wavelengths of 
the MT fields used for regional studies. Asymptotic limits shall be thus considered for an 
equivalent model of a resistive host rock matrix with concentrated thin layers of conductors, 
which may be graphite or sulphides. A typical structure of this kind is the one of multiple 
conducting dikes [Jones, 1997]. 
2.7.8 Telluric Distortions 
Ogawa [2002] classifies the telluric distortions in two categories: phase mixing - distortion of 
the telluric orthogonality; and static-shift - distortion of the telluric amplitudes. 
The Groom & Bailey [1989] decomposition technique, later extended by McNeice & Jones 
[2001], can determine strike direction, and the distortions caused by twist and shear. 
However, it cannot uniquely determine site gain and anisotropy, and therefore, the determined 
2D impedance will be galvanic distorted. 
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McNeice & Jones [2001] proposed a multi-site and multi-frequency tensor decomposition, 
where twist and shear parameters are site-dependent and frequency-independent, but the 
regional strike remains site-independent and frequency-independent. This methodology has 
the advantage of stabilizing the estimate of the regional strike direction, which is the least 
stable of the distortion parameters if the MT data are contaminated by noise and telluric 
distortion [Jones & Groom, 1993]. Therefore, the amplitudes of the regional impedances 
remain galvanic distorted, even after the tensor decomposition. 
Static-shift deviation is a galvanic distortion that results in enhanced or reduced impedance 
magnitudes, by a real scaling factor, which appears as a constant vertical shift of the apparent 
resistivity curve (upwards or downwards), by an unknown multiplier on log-scale, thus 
preserving the original shape of the apparent resistivity curve and not interfering with the 
phase curve. Static-shift may be caused by many phenomena, and in a typical MT survey, the 
deviations in the MT soundings will be always the accumulated effect of these phenomena, 
leading to galvanic distortions that are difficult to correct. 
Electric charges were originally neglected in the derivation of the diffusion equation, the base 
of the MT method, because it is assumed that there are no sources of electrical field in the 
ground ( ). Ohm Law relates the current density in the ground to the electrical field 
(J = σE). For a homogeneous media (i.e., ∇σ = 0) the current density is thus ∇·J = 0; 
otherwise surface charges q/ε would arise at the interface. Two situations may give conditions 
for charge accumulation: 
 where electrical current crosses a resistivity interface and charges build up along the 
discontinuity (Figure 2.5); 
 where electrical current density is varied, due to current channeling or to topographic 
distortion of induced current density in a homogeneous ground (Figure 2.6 a and b). 
In both cases, local electrical fields will be added to the regional fields associated with deeper 
ground layers, acting as small DC sources in series with the MT potential dipoles, causing 
static-shift deviation. The shallow inhomogeneities may occur close to the measuring 
potential dipoles and present size and depth below the probing scale, which means depths 
shallower than the penetration depth of the electromagnetic fields that are the MT sources.  
Current flow distortion may also result in static-shift deviation, and different structures on the 
surficial overburden may result in different distortion levels in the MT soundings [Sasaki & 
Meju, 2006]. Topography may result in variation of the current flow density, which is spread 
out in the topographic highs and concentrated in topographic lows, leading to static-shift 
deviations. 
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In the case of a homogeneous ground, this leads to an apparent resistivity lower than the true 
resistivity on topographic highs and higher in topographic lows [Árnason, 2015].  
Jones [1983] says that the 'problem of current channelling' has been shown to be an 
inadequate representation of induction in 3D structures by ID or 2D models. The basic 
difference between current channeling and static-shift is that the latter does not affect the 
phases of the MT impedance tensor, whereas current channeling does [Jones, 1988]. 
MT is usually a regional survey, with MT stations distributed along survey lines with tens of 
kilometers, measuring time series of the magnetic and electrical fields on the soil surface in 
three scale ranges [Jones, 1988, Delhaye et al., 2017]: 
 the magnetic field is measured on a spot range, by coils with dimension of about 1.5 meter; 
 the electrical field is measured in a local range, because the potential half-cells are usually 
apart between one and two hundred meters; 
 the MT transect has a regional range, with a sequence of MT stations apart by kilometers. 
These three scale ranges result in MT apparent resistivity curves that are displaced vertically 
from the actual position at each station, and that present different deviation factors for the 
different MT stations in the same survey. 
deGroot-Hedlin [1991] proposed to consider the shift multipliers as unknown parameters that 
are inverted for in 2D inversion by demanding smooth models and that the product of the shift 
multipliers for many soundings covering relatively large areas should be close to one (sum of 
all shifts on log-scale zero). Ogawa and Uchida [1996] developed this idea further, assuming 
that the shifts have Gaussian distribution around zero in the log-space [Árnason, 2015].  
The problem of the static-shift deviation in MT soundings, if not corrected using other 
sounding methods, is that the deviations are not random (which means that the Gaussian 
distribution of the errors do not apply), causing all dataset of a regional MT survey to be 
consistently shifted up or down, and worst, usually downward biased [Árnason, 2015; Rung-
Arunwan et al., 2016]. This means that the MT apparent resistivity curves of different stations 
will be vertically displaced by different factors, showing lower apparent resistivities than the 
actual ones. 
Except for very high frequencies, the effect of the surface conductivity is a static one, i.e. 
frequency independent with zero phase [Larsen, 1977]. The time-independent nature of the 
static-shift means that there is no impedance phase associated with the phenomenon. Indeed, 
the presence of static-shift is most easily identifiable in a set of MT sounding data in which 
apparent resistivities are shifted relative to each other, but the phases lie together. 
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It has become evident that the near-surface layer formed by continental sediments and oceanic 
waters might significantly distort the electromagnetic fields studied by the MT method 
[Berdichevsky & Dimitriev, 1976]. The inversion of statically-shifted sounding curves has 
consistency implications for geoelectrical modeling, as the resistivity and depths of the final 
model will be respectively scaled by S and (S)
1/2
 for a 1D layered model (S = static-shift 
factor).  
 
 
 
Figure 2.6: distortion of induced current density due to current chanelling (a) and 
topographic (b) effects [reproduced from Árnason, 2015]. 
2.7.9 Static-Shift Correction 
As stated by Berdichevsky & Dmitriev [2008] - “the static distortions caused by near-surface 
inhomogeneities extend over the whole low-frequencies range and severely plague the 
interpretation of the apparent resistiviy curves, generating false geoelectric structures”, 
therefore, “prior to solving the inverse problem it is essential to eliminate the field distortions 
created by near-surface inhomogeneities”. According with these authors – “the success of 
magnetotelluric soundings depends dramatically on the reliability of the static-shift 
corrections. There is no standard universal remedy for static shift, so the best result can be 
attained by combining different correction techniques”. 
A variety of methods for the mitigating of MT static distortion can be effective in specific 
circumstances and for different purposes, but each method has an application context and can 
fail outside that context. Jones [1988] mentions some methods for static-shift adjustment 
using averages, proposed by different authors, which implicitly assume that the ground is 1D 
with distortions due to local inhomogeneities. Some of these adjustment methods are: 
 derive a regional resistivity curve from the profile and shift the data to match this curve; 
 select of a representative frequency and determine an area-averaged apparent resistivity by 
weighting surrounding sites using a chosen smoothing window; or 
 calculate the average of the data from a given region at each frequency; 
 establish that all apparent resistivity curves should pass through a selected apparent 
resistivity value at one specific frequency. 
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The methods for quantifying and correcting the static-shift effects can be broadly divided into 
two categories - those that use intrinsic information from the set of MT data, and those that 
use extrinsic information from other sounding techniques [Delhaye et al. 2017]. Whereas both 
families of methods can account for static-shifts between MT modes at a single site and 
improve interstation shifts, intrinsic information may not yield a correct resistivity in the case 
of both modes being distorted. According to Sternberg et al. [1988]: “there is no reason to 
expect that either of the two MT polarisations will provide the correct resistivity”. Jones 
[1988] observes that when only MT data are available there always remains an irresolvable 
static-shift deviation. 
Berdichevsky et al. [1980] proposed the calculation of the regional MT impedance by the 
geometric average of the impedances measured within the set of MT soundings, according to 
the following expression, where ri is the reference of MT site i and w is the angular frequency: 
 
(2.75) 
Árnason [2015] states that if TDEM sounding is not available for static-shift correction, 
inversion of the determinant apparent resistivity (or apparent resistivity derived from the 
average of the off-diagonal elements of the tensor) is less prone to static-shift than inversion 
of the individual modes. Rung-Arunwan et al. [2016] show that the determinant invariant of 
distorted impedance and its Berdichevsky average are always downward biased by the 
distortion parameters of shear and splitting, even for a 1D regional structure, if galvanic 
distortion is present. This finding shows that if no adjustment is applied, the 1D geoelectric 
model based on Zdet will always result in a more conductive regional model then the actual 
one. 
Jones [1988] proposes a static-shift adjustment that applies independent information, which is 
free from galvanic distortion. He establishes a conductive “key layer”, previously determined 
by a well-logging, and shifts the apparent resistivity curves so that the local 1D model has a 
conductor layer with the same resistivity of the key-layer. 
Berdichevsky et al. [1980] proposed the calculation of the regional MT impedance by the 
geometric average of the impedances measured within the set of MT stations, according with 
equation 5.2, where ri is the MT station i and w is the angular frequency. 
𝑙𝑜𝑔 𝑍𝑑𝑒𝑡(𝑤) =
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TDEM method, which uses only magnetic data with no electrical field measurement, is 
unaffected by the electric effects of galvanic distortion, providing thus an unbiased resistivity 
estimate, but usually for depths shallower than the minimum probed by the MT sounding. In 
this case, a TDEM station collocated with the AMT/MT station, will probe an overlapping 
ground volume, with a common current system, allowing for the adjustment of the MT 
apparent resistivity curve. Therefore, TDEM is the classical complementary sounding method 
for MT surveys, both for modeling the near-surface layers and for the adjustment of the static-
shift presented in the MT apparent resistivity curve [Pellerin and Hohmann, 1990; Meju, 
1996, 2005; Árnason, 2015]. Collocated MT and TDEM soundings can be jointly inverted. 
Two other important contribution of TDEM soundings shall be highlighted: it has higher 
resolution than MT for shallow ground layers, being able to sense resistivity changes of about 
0.1 Ωm [Max Meju, direct information by email]; and the period range of TDEM apparent 
resistivity curve covers the interval between the VES and MT soundings, when the three 
soundings are converted to the same spacing-time scale, allowing for the use of the TDEM 
curve to adjust the static-shift of the VES and the MT apparent resistivity curves [Meju, 
2005]. 
TDEM-MT applications can be used where near-surface presents a 1D structure (within the 
depths overlapped by the two methods), and where the site is electrically quiet, allowing for 
reliable TDEM responses. However, it may be not a good solution where topography or thick 
resistive rocks at the surface make the TDEM less reliable. 
Static-shift may affect data from layers between the maximum TDEM penetration depth and 
the depth of the target of the MT sounding. For example, if the near-surface is three-
dimensional (3D), then the regional induced current system observed by the MT method is 
quite different from the local current system induced from a small EM transmitter–receiver 
array (such as a TDEM setup), resulting in different subsurface volumes sampled by each 
geophysical method. Therefore, TDEM will not always be the solution for the correction of 
the static-shift deviation [Delhaye et al., 2017].  
The effectiveness of TDEM for reducing ambiguity related to MT static distortion depends on 
the type of TDEM and MT inversions planned, and on a variety of field aspects, such as: 
 feasibility of running TDEM soundings that are effective for MT static mitigation; 
 noise affecting the TDEM and MT soundings in the range where they effectively overlap; 
 shallow geology and properties of the static distortion source - MT electrode contact 
resistance, shallow 3D resistivity variation or topography. 
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If static-shift on MT curves arises from shallow or near-surface heterogeneities, with depths 
shallower than the ones prospected by MT, then it can be corrected using TDEM data, by 
directly comparing the apparent resistivity curves of the two methods. It may be difficult to 
apply this solution if the MT higher frequencies determine a multi-dimensional environment, 
because TDEM has only one apparent resistivity curve while MT has two components (TE 
and TM). In this case, maybe a correction of the TM static-shift will allow for a smooth 
continuity of the TDEM and MT curves. MT phase curves being split at periods 
corresponding to depths overlapped by TDEM data, indicate that differences in resistivities of 
the two high frequency polarizations are not only caused only by static-shift, but also by 
inductive effects. Alternatively, collocated AMT soundings and an inverted 2D section profile 
will allow for the 2D geoelectric modeling with MT static-shift correction. However, in this 
case, if static-shifts were already corrected by TDEM, topography should not be modelled by 
a joint inversion TDEM-AMT-MT, because that would account twice for the deviations due 
to topography [Árnason, 2015]. 
Modern MT systems typically collect data from 0.001 to 10000 Hz, and depending on the 
shallow geology at the site, the skin depth at 10000 Hz may be shallower than the opening of 
any practical dipole used for MT sounding. Therefore, acquiring higher frequency data will 
not necessarily allow for the detection of the features that cause static distortion, which are of 
typically similar or smaller scale than the one of the electrical dipoles. 
2.7.10 The Combined Apparent Resistivity Curve 
Different geophysical soundings can be converted to the same spacing-time scale, allowing 
for the plotting of apparent resistivity curves sounded by different methods in the same graph. 
This data integration procedure allows for the improvement of the depth sampling and helps 
the adjustment of static-shifts effects in the apparent resistivity curves, reducing interpretation 
uncertainty, and providing a basis for assessing the consistency and complementarity of 
electrical and electromagnetic data. 
To allow for the integration of data of the three sounding techniques in the same graphic, the 
VES and TDEM apparent resistivity curves shall have their horizontal scale transformed from 
spacing (m) and time (s), to period (s) domain. Meju [2005], based on numerical modeling of 
field data measured in different environments, with collocated DC resistivity and TDEM 
soundings, proposed the empirically spacing-time scaling relations from VES and TDEM to 
MT apparent resistivity array, which allow for the conversion of electrical and 
electromagnetic data to the same scale, considering the following parameters: 
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 T – MT period (s); 
 t – TDEM transient time (s); 
 ρ – apparent resistivity (in Ωm); 
 L – half electrode array length or half distance between the outermost electrodes (m); 
 μ – magnetic permeability of free-space (μ0 = 4π×10
−7
 Ωs/m). 
TDEM  MT array – T ∼ 4t (s) (2.77) 
VES  MT array –  (s) (2.78) 
From these two equations, the spacing-time scaling relations data can be derived from TDEM 
to in-line 4-electrode DC resistivity (Schlumberger, Wenner and dipole-dipole). 
With the VES, TDEM and MT apparent resistivity curves combined into a single graph, the 
compatibility of the available equivalent curves for the shallow, near-surface and deep models 
of the site can be accessed. If a TDEM apparent resistivity curve is available, then it may be 
the reference for the other two curves, with the static-shift adjustment being done either in the 
VES or MT, or in both curves, according with the overlapping segments of each one with 
respect to the extremities of the TDEM curve [Max Meju, direct information by email, 2016]. 
2.7.11 The Processing of the MT Apparent Resistivity and Phase Curves 
After field survey and raw data processing, AMT/MT sounding data is usually presented as 
single MT station soundings, with the four impedances of the complex impedance tensor. 
Considering that the MT sounding is a volumetric method, probing a huge subsurface volume, 
it is expected that the apparent resistivity and phase curves should be very smooth. However, 
signals that do not belong to the main sources of the MT method distort the data, and thus the 
curves need to be smoothed, with elimination of outliers and of some level of noise distortion. 
The smoothing of the curves helps on the elimination of noisy data and of outliers, which are 
individual values that present significant deviations from main trends. 
A preliminary static-shift correction can be done after applying the rotation of the XY and YX 
curves to the dominat regional strike, with the adjustment of the TM static-shift, which is 
usually applied to soundings with parallel but apart initial segments of the AMT sounding 
(higher frequencies). It is supposed that the shallow sediment-rich layer presents a 1D 
structure, and thus both TE and TM apparent resistivity curves should start with overlapping 
segments. In this case, the entire TM curve needs to be shifted, so that its initial segment, 
parallel to the TE curve, overlaps the latter. To verify whether the static-shift adjustment of 
the TM mode can be applied, it is necessary to check whether the impedance phase splitting 
occurs in the initial segments of the two MT modes. 
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At a single site, this phase splitting may be explained either by an isolated conductivity 
anomaly or by an anisotropic structure. If the impedance phases are split at frequencies 
corresponding to near-surface depths, shifting the two MT modes apparent resistivity curves 
to the same level will possibly introduce some distortion in the 1D model, since the initial 
difference between the two curves is unlikely to be generated purely by static-shift, which 
would not explain the impedance phase splitting [Simpson & Bahr, 2005]. 
Any rotation of an estimated impedance tensor leads to mixing of the original impedance 
tensor elements. Therefore, rotation of an impedance tensor to strike coordinates before 
editing is rarely applied in practice, because the angle of rotation (strike) is calculated from 
the unrotated tensor and for that calculation to be accurate, smooth and low-noise response 
curves are needed (what means, edited). However, editing of impedance estimates is usually 
done only on the off-diagonal impedance tensor elements at each frequency and site. 
Therefore, any noise present only in the diagonal impedance tensor (XX and YY elements), 
that is not present in a time-section and related impedance estimate removed during editing of 
XY and YX, will, during rotation to true North and later rotation into strike coordinates, 
contaminate the original edited off-diagonal impedance tensor elements, requiring, therefore, 
a final editing of the TE and TM modes, before the 2D inversion. This editing consists of 
removal of poor apparent resistivity and phase estimates (for individual, or both, TE and TM 
modes) and manual shifting of the TE and TM apparent resistivity curves to attempt to correct 
for static-shifts. In contrast to the editing during raw data processing, where outliers are 
removed from a set of impedance estimates to obtain a better average estimate at a given 
frequency, here outliers are removed from the response curves leaving some frequencies 
without estimates. [Share, 2012]. 
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Signal processing methods can be applied to check the consistency between the apparent 
resistivity and phase responses, which are correlated, allowing for the dampening of noise 
oscillations. The D+ model was formulated to test, in a self-consistent way, which apparent 
resistivity and phase estimates are outliers and need to be removed to give better inversion 
results [Share, 2012]. This smoothing method [Parker, 1980; Sutarno & Vozoff, 1991; Parker 
& Booker, 1996] is based on the premise that the real and imaginary parts of the MT transfer 
function are not independent, resulting that the apparent resistivity and phase functions are 
associated by means of a Hilbert transform. Since the phase curve is less affected by noise 
than the associated apparent resistivity curve, it can be used to smooth the shape of the 
apparent resistivity curve. Considering that strike angle may change with depth, for the 
construction of MT sections the regional dominant strike shall be priorized. A consistent 
geoelectric strike will be usually well-defined only in a subset of a MT dataset [Jones AG. 
2014, comment at MTNet]. 
The smoothed data allows for the rotation of the XY/YT curves to the dominant regional 
strike, with the production of the curves for the TE and TM modes, which will allow the 
production of the following profiles: 
 pseudo cross-sections and geoelectric section (2D) – sections of apparent resistivities, color 
coded – which are the apparent resistivities of the MT stations stitched along the transect; 
 true resistivity sections (1D or 2D) – with the simultaneous inversion of the profile 
(vertical or horizontal sections). 
The interpretation of MT data depends of an inversion process, to convert the apparent 
resistivity and phase curves into a geoelectric model. The methods of geophysical inversion 
usually try to interpret real data by means of optimization techniques. The initial search for a 
model usually looks for the minimization of the misfit between measured and modeled data. 
However, considering that many models may fit the available data, more recent approaches 
pre-assign the misfit and place emphasis on the construction of models with emphasis on 
some property of geophysical interest, such as the classics smooth model (Occan’s model) or 
layered model (with the minimization of the number of layers) [Weidelt, 1995]. 
Fitting the field electromagnetic data as closely as possible may result in theoretical models 
with a high amount of roughness, however, by relaxing the misfit criterion only a bit allows 
for the construction of smooth models, which are more compatible with the true resolution of 
the MT method. A priori information, in the form of known resistivities and/or depths may be 
included, improving the modeling. [deGroot-Hedlin & Constable, 1990]. 
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The inverse problem of geomagnetic induction belongs to the large class of improperly posed 
problems, where small changes in the data can cause large changes in the results, however, 
MT is one of the rare geophysical inverse problems that hinders an exact solution [Weidelt, 
1972]. In the absence of error and for continuous data acquisition at all frequencies, there 
exists only one MT model that will fit the responses [Bailey, 1970]. 
This uniqueness theorem, absent in other potential field integrating methods in geophysics, is 
a powerful statement and is a motivation for the acquisition of high-quality data. Non-
uniqueness is thus a consequence of data error and/or data insufficiency [Jones, 2013]: not 
broad enough period band - the extremes of the period band will be not well resolved, given 
the lack of high and low frequency data; and not enough points per decade - the more 
estimates per decade the greater the resolution, considering that the estimates are independent 
of each other and that neither the spectral windowing function nor the estimation technique 
has led to dependence between neighboring estimates. 
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3 MATERIALS – THE ARARAQUARA ELECTRODE 1 SURVEYS 
The Rio Madeira project marks the return of the HVDC projects in Brazil after the pioneering 
Itaipu project, 30 years before. The energy from the Madeira River generation complex, in 
Rondônia, generated by the Jirau and Santo Antônio hydroelectric plants, is transmitted to 
Brazil Southeast through two HVDC (High Voltage Direct Current) transmission lines - 
Bipoles 1 and 2, each one ±600 kV, interconnecting the converter stations of Porto Velho 
(RO) and Araraquara (SP). Each transmission line has two poles (positive and negative), and 
each converter station has two grounding electrodes, one for each bipole, to provide a 
continuous power transmission with ground return, in the case of loss of one of the poles of 
the corresponding bipole. Bipole 1 was designed and supplied by the Sweden company ABB, 
and bipole 2 was supplied by Alstom, a European energy company, now owned by GE 
(General Electric). The two bipoles of the Rio Madeira HVDC system go from North to 
South, across about 2400 km. 
The North electrodes of bipoles 1 and 2, in Porto Velho (Rondônia State), are both vertical 
and located within 60 to 40 km from the Converter Substation. Both electrodes are buried 
within the water saturated ground formed by the shallow sediment layer above the cratonic 
shield, not much deeper than 100 m, above the high-resistivity geoelectric structure of the 
border of the South Amazon Craton. 
The South electrodes are in Araraquara (São Paulo State), within 30 to 35 km from the 
Converter Substation, being bipole 1 electrode vertical and bipole 2 electrode horizontal. 
They are buried in the shallow sedimentary cover of the border the Bauru Formation (no more 
than 50 m thick), above the basaltic layer of the Serra Geral Formation (about 150 m thick), in 
the middle of Paraná Sedimentary Basin and above a sequence of aquifers that reaches about 
2 km deep, overlaying the crystalline basin basement. 
Bipole 1 ground electrodes were the first designed in Brazil with a vertical configuration and 
with intensive use of geophysical/geotechnical data. The author of this thesis worked for ABB 
in this project, coordinating the geophysical and geotechnical surveys, and developing the 
interference studies. The vertical configuration was selected to allow for the active part of the 
electrodes to be buried below the water table, in the permanent water saturated ground. 
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This chapter characterizes the geology of Araraquara and presents the geophysical and 
geotechnical data used for the geoelectric modeling of the site where is located bipole 1. It 
also presents the commissioning data of this electrode, with its measured electrical 
performance, which allowed for the final adjustment and verification of the 1D geoelectric 
model. 
The data used for the analysis of bipole 1 electrode were retrived from reports issued within 
the scope of a Research & Development contract developed by FDTE/USP with 
ELETRONORTE [Freire et al. 2017], the latter being the owner of the Rio Madeira bipole 1 
HVDC transmission system. The author of this thesis was the main researcher of this R&D 
Project, and the data supplied by ELETRONORTE for its development included the reports 
issued by the folowing companies (all sub-contractors of ABB): 
 MT survey, by INPE - Instituto Nacional de Pesquisas Espaciais [Vitorello et al., 2009]; 
 DC VES survey - Schlumberger soundings at electrode 1 site, by Geoanalisys [Pane, 
2011]; 
 induction profiling of two 3” wells drilled at electrode 1 site, by Master Perfil [Souza 
Filho, 2011]. 
For the Araraquara electrode a final adjustment of the geoelectric model was possible, due to 
the commissioning data obtained from the injection of DC currents in the electrode with the 
measurement of its electrical performance (resistance, soil surface potentials and induced 
potential on the GASBOL pipeline). For the commissioning of bipole 1 in Araraquara, three 
surveys were developed: 
 Electrode resistance [ABB, Technical Report 1JNL100174-182, 27/03/2013], issued by 
ABB to Eletronorte; 
 Soil surface potential profile [ABB, Relatório de Ensaio - Low Power P2 - Ground Return, 
23/11/2013], issued by ABB to Eletronorte; and 
 Measurement of potentials induced in the Gasbol Bolívia-Brasil pipeline – issued by 
PAIOL Engenharia to Eletronorte. 
The area delimited by the pipelines in Figure 3.1 defines the regional context refered as 
Araraquara area, which includes the Araraquara Converter Substation, the six INPE’s MT 
stations, bipole 1 and 2 electrodes, the Gasbol – Bolivia-Brasil pipeline (pink) and its 
derivations to the Gas Brasiliano pipelines (blue lines). Table 3.1 presents the coordinates and 
the elevations of the relevant sites and Table 3.2 presents the distances between the main 
elements within the study area. 
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Figure 3.1: Araraquara area, with INPE’s MT stations, Converter Substation (red 
square), Electrodes 1 and 2, Gasbol (pink) and Gas Brasiliano pipelines (blue). 
Table 3.1: distances between the main elements within the study area. 
Site/MT Station E S Elevation (m) 
Electrode I 749453 7607346 518 
Electrode II 754758 7601247 592 
Converter Substation 773927 7583283 604 
Arq001 769014 7597065 553 
Arq002 760827 7590553 557 
Arq003 773799 7582580 593 
Arq004 740599 7600656 558 
Arq005 750475 7606905 540 
Arq006 753727 7599653 571 
Table 3.2: distances between the main elements within the study area. 
Site Electrode 1 Electrode 2 Gasbol 
Converter Substation 34 km 26 km 8.5 km 
Electrode 1  8 km 26 km 
Electrode 2   21.5 km 
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3.1 GEOLOGICAL CHARACTERIZATION OF ARARAQUARA AREA 
The study area is situated within the Paraná Basin, on the border of the Bauru Formation, as 
illustrated in Figure 3.2. The crystalline basement of most of Parana Basin is formed by the 
Paranapanema Proterozoic Block, an old craton [Mantovani et al., 2005]. The surveyed MT 
stations are within the Adamantina Formation (Bauru Group), consisting of a thin layer of 
eolian sandstones resting over the basaltic flows of the Serra Geral Formation [Carneiro, 
2007; Northfleet et al., 1969].  
The sediments of the Paraná Basin are fairly undeformed and forms subhorizontal or gently 
tilted layers of gradually increasing age downwards, so that different layers can be exposed at 
different elevations and the older units might be exposed in river valleys. Figure 3.3 shows a 
section of the Paraná Basin in the state of São Paulo, with the indication of Araraquara on the 
border of the Bauru Formation, above the three main formations – the basalts of the Serra 
Geral Formation and the sandstones of Botucatu Formation and the substrate (Passa Dois and 
Tubarão groups) [Silva, 1983].  
Figure 3.4 presents the geological map of the surveyed area, showing the main geologic 
formations in the study area and the location of INPE’s MT stations [Vitorello et al., 2009]. 
The geological units shown in this figure are ordered per age groups (youngest first): 
 Q2a - alluvial deposits - river sediments, sand and gravel; 
 K2vp - Bauru Group - sandy sediments, occasionally conglomeratic, of aeolian origin, late 
Cretaceous; 
 K1βsg - Serra Geral Formation - basaltic and andesitic lavas intercalated with sandstone 
and volcanoclastics, early Cretaceous; 
 J3K1bt - Botucatu Formation - sandstone, late Jurassic; 
 P3T1p - Pirambóia Formation, Permian. 
The resistivity column of a well in Araraquara [AQA_51_SP - Conjunto Residencial Damha, 
induction profiled by Master Perfil], show the following ground structure: 
 first layer – sandstones of the Bauru Formation, 60 m deep, being this depth not valid for 
all the Araraquara area, due to the undulated pattern of the sedimentary rocks above the 
fairly flat and well fractured basalt layer, present over most of the Paraná Basin; 
 second layer – 140 m thick of basaltic rock (from 60 m to 200 m in depth), which can be 
considered valid for the study area and is identified by the saturation of the induction 
probe; 
 third layer – sandstones of the Botucatu Formation, with resistivities below 30 Ωm. 
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Figure 3.2: Paraná Basin - basement depths and Araraquara location (orange spot) [modified 
after MILANI et al. 1997]. 
 
 
Figure 3.3: section of Parana Basin passing by Araraquara [Silva, 1983]. 
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Figure 3.4: geological map of the Araraquara area, with MT stations are marked with 
numbers 1 to 6, and electrodes 1 (blue) and 2 (orange) [Vitorello et al., 2009]. 
3.2 THE INPE MT SURVEY AT ARARAQUARA 
Six MT soundings were developed at Araraquara, as illustrated in Figures 3.1, 3.4 and Table 
3.1, developed by INPE with the equipment Metronix ADU-06 with two induction coils 
MFS-07. No remote MT station was used for this survey as reference. The MT time-series 
were processed with the software EMTF developed by Egbert [MTNet], which applies a 
robust weighted least-squares algorithm that automatically downweights source contaminated 
outliers [Egbert & Booker, 1986]. 
After the calculation of the impedances of the MT tensor (Zxx, Zyy, Zxy and Zyx) the software 
Rhoplus smoothes the data from directions XY and YX, with the D+ method [Parker, 1980; 
Sutarno & Vozoff, 1991; Parker & Booker, 1996]. The XY data corresponds to the measured 
electric field aligned with the magnetic North, and the YX data corresponds to a measured 
electric field aligned with the EW magnetic direction. No rotation was applied to the set of 
MT soundings (not to the true North direction either to the dominant regional strike). 
After smoothing the apparent resistivities and phases for the directions XY and YX, INPE 
inverted the curves using the 1D software IPI2win-MT. Figures 3.5 to 3.10 illustrate for each 
MT station, the apparent resistivities (ρxy and ρyx), module and phase; the real and imaginaty 
parts of Zxx and Zyx; and the real and imaginaty parts of Zxy and Zyy [Vitorello et al., 2009]. The 
graphs show that the diagonal components of the impedances (Zxx and Zyy) are very small, at 
least for periods below 10 s.  
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Figure 3.5: MT station Arq001a = left column – apparent resistivities (ρxy and ρyx), 
module and phase; central column – real and imaginaty parts of Zxx and Zyx; right 
column - real and imaginaty parts of Zxy and Zyy [Vitorello et al., 2009]. 
 
Figure 3.6: MT station Arq002a = left column – apparent resistivities (ρxy and ρyx), 
module and phase; central column – real and imaginaty parts of Zxx and Zyx; right 
column - real and imaginaty parts of Zxy and Zyy [Vitorello et al., 2009]. 
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Figure 3.7: MT station Arq003a = left column – apparent resistivities (ρxy and ρyx), 
module and phase; central column – real and imaginaty parts of Zxx and Zyx; right 
column - real and imaginaty parts of Zxy and Zyy [Vitorello et al., 2009]. 
 
Figure 3.8: MT station Arq004a = left column – apparent resistivities (ρxy and ρyx), 
module and phase; central column – real and imaginaty parts of Zxx and Zyx; right 
column - real and imaginaty parts of Zxy and Zyy [Vitorello et al., 2009]. 
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Figure 3.9: MT station Arq005a = left column – apparent resistivities (ρxy and ρyx), 
module and phase; central column – real and imaginaty parts of Zxx and Zyx; right 
column - real and imaginaty parts of Zxy and Zyy [Vitorello et al., 2009]. 
 
Figure 3.10: MT station Arq006a = left column – apparent resistivities (ρxy and ρyx), 
module and phase; central column – real and imaginaty parts of Zxx and Zyx; right 
column - real and imaginaty parts of Zxy and Zyy [Vitorello et al., 2009]. 
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Figure 3.11 presents the apparent resistivity and phase curves measured by INPE at MT 
station 5, which is close to the electrode 1 site. showing in the left the XY and YX apparent 
resistivity and phase curves; and in the right the XY and YX 1D geoelectric models and 
corresponding Bostick resistivities [Vitorello et al., 2009]. For electrode 1 site, the 1D model 
clearly applies to the depth of the basement, close to the 2 km deep expected at Araraquara 
(remembering that no static-shift adjustment was applyied to this sounding). 
 
Figure 3.11: MT station Arq005a – left - XY and YX apparent resistivity and phase 
curves; right - XY/YX 1D models and Bostick resistivities [Vitorello et al., 2009]. 
3.3 SHALLOW SURVEYS AT THE ELECTRODE 1 SITE 
Figure 3.12 presents the top view of the electrode 1 site, with the location of the wells (blue 
and red) and of the Schlumberger VES sounding points (gray). All the geophysical surveys at 
this site, summarized below, were developed for the author of this thesis, on behalf of ABB: 
 63 Schlumberger VES along the previewed electrode perimeter (AB/2 up to 100 m), and 
three wide opening Schlumberger VES for basement characterization (AB = 1000 m) 
[Geoanalisys, 2011]; 
 2 x 3” wells drilled down to the basalt layer, lined with PVC pipes, for ground 
classification, determination of the basement depth, and for collecting of Denison 
undeformed ground samples (for electro-osmosis analysis); 
 cleaning and induction logging of the two wells, groundwater sampling for conductivity 
analysis and phreatic dynamics survey [Perfil Master, 2011]. 
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The Schlumberger soundings were done with a resistivimeter CRONI 350 W, which is a DC 
source feed by a set of bateries and equiped with an amperimeter to measure the injected 
current. The potential measurements were done with a milivoltmeter with high impedance. 
Figure 3.13 presents the average Schlumberger apparent resistivity curve at electrode 1 site, 
calculated from the geometric average of 66 VES soundings. The points from AB/2 = 100 and 
above were defined from only three wide opening soundings, and for this reason they present 
the irregular shape of the last upward segment of the curve. 
 
 
Figure 3.12: site view with location of wells (blue and red) and VES stations (gray) 
[Pane, 2011]. 
 
Figure 3.13: average Schlumberger apparent resistivity curve at electrode 1 site (66 
VES soundings). 
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3.3.1 Monitoring Wells 
This activity was developed by Master Commerce and Manufacturing Service Ltda. The 
equipment consists of a winch with 460 meters of 3/16 "steel cable, an induction probe 
(Century model 9511) with four conductors and the system" logger VI”, which is in fact the 
communication protocol between the digital probe and the computer. The signal is transferred 
by frequency, with no loss in this transmission. 
The induction probe profiling is sensitive to vertical variations in well column conductivity 
and is relatively insensitive to the water inside the well. Figure 3.14 shows the gamma rays 
and resistivity profiles of the two wells, side by side, leveled by the sandy/silty very 
conductive layer (below 10 Ωm), common to the two wells and a few meters above the basalt 
layer. 
The water table in well T2B was identified at 6 m deep and in the well T7B at 2 m deep. The 
interpretation of the two measured parameters (gamma rays and resistivity) allow for the 
verification that above the basalt layer, ground layers ranging from clay-sandstone, tillite and 
silt were found, with resistivities varying from 2 to 200 Ωm. Well T2B, down to 23 m deep, 
presents alteration rocks, a clean, fine, sandy and permeable sediment, rain-filled by virtually 
distilled water, highly resistive, controlled by the seasonality of the climate. This Cenozoic 
tertiary sediment explains the higher resistivity measured in this layer (almost 100 Ωm).  
The analysis of the gamma ray (API) and resistivity (Ωm) curves of this profiling allows for 
some interesting findings: 
 the two wells present lateritic lenses (“iron hat”) in the first 8 m, and due to the 
concentration of iron in these lenses the resistivity probe saturated and was not able to read 
the resistivity of the well wall; 
 both wells show a few meters above the basalt layer, a very low resistivity sandy/silty layer 
(below 10 Ωm) with peaks of the gamma rays, above 100 API, which can be associated to 
the presence of shales (justifying the higher conductivity) and that were used as reference 
for leveling the two profiles; 
 the basalt layer, identified by the saturation of the probe, appears 39.5 m deep in one well 
and 20 m deep in the other well, while the undulated soil surface presents an elevation 
difference of about 28 m, indicating that the top surface of the basalt is fairly flat in the 
site. 
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Figure 3.14: gamma ray (API) and resistivity (Ωm) logging in the two monitoring wels 
drilled in the site - borehole T2B (528 m, red lines) borehole T7B (500 m, black lines) 
[Perfil Master, 2011]. 
3.4 ELECTRODE 1 CONFIGURATION AND COMMISSIONING 
Electrode 1 in Araraquara is a semi-double vertical ring, occupying an approximately 
rectangular area of about 820 x 560 m (external perimeter with 2636 m). It comprises 160 
wells with the following depths - 20 m (74 wells), 30 m (50 wells) and 40 m (36 wells). These 
different depths are due to the undulated topography of the Bauru Formation (eolic 
sandstones) above the Serra Geral Formation (Cretaceous basalts), being the top of the latter 
fairly flat. 
For the commissioning of the electrode 1 in Araraquara, three tests were carried out, 
involving the following measurements [Freire et al., Sep. 2015; Oct. 2015; R&D 2017]: 
 electrode grounding resistance – issued by ABB to Eletronorte [ABB; March 2013]; 
 soil surface potentials - issued by ABB to Eletronorte [ABB; Nov. 2013]; and 
 potential on the Bolivia-Brazil pipeline (Gasbol) - by the author of this thesis to 
Eletronorte. 
Figure 3.15 presents the measured electrode resistance curve, referenced to the nominal 
current of 2625 A. This measurement was done with the electrode line grounded in an 
auxiliary electrode, buried in a swampy area about 11 km from the electrode, and energized 
by a rotating welding machine, which allowed for the injection of about 22 A. 
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The resistance to remote earth was calculated by measuring the potential between the busbar 
in the Switching House, in the center of the electrode, and a movable rod that was displaced 
away from the electrode center in steps of 25 m, 50 m or 100 m. At the distance of 1800 m 
from the electrode center it was considered that the remote earth was reached, because the 
potential difference between the local ground and the busbar in the electrode center did 
stabilized around 1.13 V. Dividing this potential by the injected current of 21.5 A, the 0.053 
Ω electrode resistance was calculated [ABB; March 2013]. 
The soil surface potential profile was done during a Pole 2 monopolar low-power 
transmission with ground return (240 MW, 406 A). This test consisted in the measurement of 
potential differences on the soil surface, from the center of the electrode to a distance of 942 
m away, along a radial direction passing through the NW corner of the electrode. Figure 3.16 
shows the path of the potential survey, along a line starting from the electrode center and 
passing by its North corner, and the measured potentials, referenced to the electrode center 
and to the nominal current of 2625 A [ABB; Nov. 2013]. 
The pipe-to-ground potential at the Gasbol pipeline was measured close to its nearest point to 
the electrode, about 26 km from its center. The potential was measured with the monopolar 
operation at both polarities (turning off one of the poles first and then the other). The pipe-to-
ground potential of the cathodic protection system, measured just before each monopolar 
operation, was discounted from the measured values. The two potentials (for both polarities) 
were then referenced to the nominal bipole current (2625 A) and averaged, resulting in the 
final pipe-to-ground potential of 2.9 V [Freire et al., Sep. 2015; Oct. 2015]. 
Table 3.3 presents the measured pipe-to-ground potential at the Gasbol pipeline, on point PT 
SP-133 (21,854973 S and 48,621920 E), located 26 km from the electrode 1, for the 
monopolar operation with each pole polarity, referred to the nominal current of 2625 A. 
Before each current injection in the ground, the pipeline was operating with -1.6 V, impressed 
by the cathodic protection system, as shown in Figure 3.17. As Pole 1 has a positive polarity, 
it shall be added the potential of -1.6 V to calculate the total potential variation. As Pole 2 has 
a negative polarity, it shall be discounted the potential of -1.6 V to calculate the total potential 
variation. The two pipe-to-ground potentials, discounted from the potential impressed by the 
cathodic protection system and then referred to the nominal current of 2625 A, can be 
averaged, resulting on the mean pipe-to-ground potential of 2.9 V [Freire et al., Sep. 2015 and 
Oct. 2015]. 
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Figure 3.15: measured resistance x distance curve, starting from the center of 
Electrode 1 [ABB; March 2013]. 
  
Figure 3.16: direction of measurement and the measured soil surface potential curve, 
starting in the electrode center and referenced to 2625 A [ABB; Nov. 2013]. 
Table 3.3: measured pipe-to-ground potential at the Gasbol pipeline, on point PT SP-
133, for the monopolar operation with each pole polarity, referred to the nominal 
current of 2625 A. 
Pole Pipe-to-ground 
potential before 
the current 
injection 
Injected 
Current 
Pipe-to-ground 
potential after 
the current 
injection 
Potential Variation 
1 1,6 V 2850 1.79 (1.79 + 1.6) x 2625/2850 = 3,1 V 
2 1.6 V 3156 4.85 (4.85 – 1.6) x 2625/3156 = 2.7 V 
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Figure 3.17: measured pipe-to-ground potential at the Gasbol pipeline, on point PT SP-
133 – in the beginning of the test the potential is -1.6 V. 
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4 METHODS – GEOELECTRIC MODELING FOR SITE 1 
This chapter presents the processing of the data available at Araraquara, to produce the 1D 
geoelectric model for the site of electrode 1. A first-approach geoelectric model is built for the 
electrode design, and with the data of the electrode commissioning a second-approach model 
is obtained, for the production of the final model. The electrode performance calculated from 
this final model is compared with an independent potential measurementat on the Bilivia-
Brazil (Gasbol) pipeline and reveals a good result, demonstrating that after so many data-
processing, the final model is capable of reproducing well the electrode performance 26 km 
away. 
4.1 SOFTWARE USED FOR PROCESSING THE DATA 
The VES and MT data were inverted with the help of the one-dimensional inversion software 
IPI2WIN [Bobachev, 2002], which performs an automated approximation of an initial 
resistivity model using the observed data. This software was used by INPE for inferring the 
geoelectrtic models at Araraquara, and is accessible in the MTNet, which is the main 
repository site in the internet of resources on MT data processing. 
The simulations of the Araraquara electrode were carried out using the commercial software 
CDEGS [Ruan et al., 2012]. The modules of CDEGS used for the electrodes simulations are 
MALT and MALZ. Both modules numerically solve the Poisson equation for electrostatic 
analysis in a multilayer soil, based on the methods of the Images and of the Moments. The 
module MALT considers the electrode equipotential, what means that its elements are 
considered ideal (with no longitudinal resistance) and thus voltage drops do not occur in its 
conductors. The module MALZ considers the longitudinal impedance of the elements of the 
electrode and is able to calculate its impedance in a wide frequency range that goes from 1 Hz 
up to 1 MHz. 
4.2 MODELING THE SHALLOW GROUND AT THE ELECTRODE 1 SITE 
The 66 Schlumberger VES soundings, regularly distributed along the previewed electrode 
perimeter, were averaged with the geometric mean of the same spacing apparent resistivities, 
resulting in the equivalent shallow apparent resistivity curve presented in Figure 3.13. This 
objective was achieved (except for the tail of the curve, calculated from only three 
soundings), because the wide number of sounding allowed for an average that almost 
eliminated the differences that appear when the current electrodes (A and B) have the spacing 
increased with the potential probes (M and N) kept in the same place. 
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The averaging procedure considers that the electroresistivity static-shift presents a normal 
distribution in the log-space [Sasaki and Meju, 2006], and thus, the geometric average of a 
large number of soundings allows for a significant reduction of the deviations. 
For the smaller VES spacing some sounding aliasing may occur. In this case it is expected 
that the static-shifts will present a convergent pattern for the intermediate VES spacings, i.e., 
some deviation may occur in the initial segment of the apparent resistivity curve, but for the 
intermediate spacings the static-shift compensation will apply. The upward tail of the apparent 
resistivity curve (for AB/2 > 100 m) does not have the same validity of the preceding 
downward segment, because it is resultant of the average of only three VES. Therefore, it is 
expected that the middle segment is the most reliable part of the average VES apparent 
resistivity curve. 
Starting with a blind inversion of the average apparent resistivity curve, that did not consider 
any other information besides the average resistivity curve, it was obtained the first-approach 
of the shallow geoelectric model shown in Figure 4.1 (average error of only 3.6%). This 
model represents the average of the shallow ground layer, which has varying width above the 
fairly flat basalt layer, due the the undulated topography (between 400 and 423 m above sea 
level). 
It is expected that the upward tail of the curve characterizes the basalt layer with higher 
resistivity. The depth of almost 70 m found for the bottom of the conductive layer may 
indicate that some equivalency may be affecting this layer. 
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Therefore, this first-approach shallow model was submited to a new inversion, as illustrated in 
Figure 4.2, considering an intermediate basalt depth between the two wells, but closer to the 
higher elevation well (T2B), because the higher volume of the sandstones of the Northeast 
portion of the site will predominate on the definition of the depth and resistivity of the 
average ground layer above the basalts. Table 4.1 presents the geological interpretation of the 
final shallow geoelectric model. The surperficial ground layers present a thin top-layer of 
medium resistivity underlain by a dry layer with high resistivity (1000 Ωm x 4 m), consisting 
of well drained sandy subsoil with lateritic lenses. The third layer corresponds to the 
sandstones of the Bauru formation and the fourth layer is an average of the water saturated 
sandstones of the lower Bauru formation and of the altered basalts of the top of the Serra 
Geral formation. The last layer of the model is not well defined, because is was inferred from 
the last segment of the apparent resistivity curve, which is characterized by only three wide 
soundings, which indicate the trend of increasing resistivity. The resistivity of the Serra Geral 
basalts, about 140 m thick at Araraquara, will be better defined by the inversion of the MT 
apparent resistivity curve under the constraint of the shallow geoelectric model. 
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Figure 4.1: Schlumberger apparent resistivity curve (Ωm x m) – average (black and 
dots) and calculated (red) with the blind inversion shallow geoelectric model (blue line 
and table), with 3.6% average error. 
 
 
Figure 4.2: Schlumberger apparent resistivity curve (Ωm x m) – average (black and 
dots) and calculated (red) with the inversion shallow geoelectric model (blue line and 
table) under the constraint of the depth of the conductive ground layer, with 5.1 % 
average error. 
Table 4.1: interpretation of the shallow average geoelectric column for electrode 1 site 
in Araraquara. 
Layer Layer Characteristics Resistivity  Thickness Depth 
Topsoil 
top soil with some lateritic 
alteration products (eluvial sandy-
clay) and organic material 400 Ωm 1 m 1 m 
Subsoil 
dry sandy soil above the water table 
with lateritic lenses 1000 Ωm 4 m 5 m 
Bauru Formation water saturated sandstone  130 Ωm 15 m 20 m 
Lower Bauru and altered 
top of Serra Geral Fm. 
water saturated sandstone and 
altered/broken basalt 19 Ωm 15 m 35 m 
Serra Geral Fm. water saturated fractured basalt  100 Ωm ∞ ∞ 
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4.3 PROCESSING OF THE MT DATA AT ARARAQUARA 
The processing of the MT data, specifically, of the apparent resistivity and phases curves, 
included the following activities: 
 calculation of the averages of the XY and YX curves – geometric average for the apparent 
resistivities and aritimethic average for the phases; 
 elimination of the segments of the apparent resistivity and phase curves that diverge from 
the main trend, taking the healthy curves as reference; 
 preliminary adjustment of the static distortions of the MT average curves, according with 
the methodology proposed in Chapter 11.1 of Berdichevsky & Dmitriev [2008]; 
 inversion of the set of adjusted apparent resistivity and phase curves constrained by the 
expected depth of the basement in Araraquara, about 2 km deep. 
In this work it is used the geometric mean of the XY and YX apparent resistivities and the 
aritimethic average of the XY and YX curves as an approximation of the 1D MT curves at the 
surveyed stations. Figures 3.6 to 3.11 show that for periods below 10 s, the diagonal 
components of the Z impedance matrix (Zxx and Zyy) oscilate around zero, demonstrating that 
this approximation is reasonable considering its application to the design of a HVDC 
electrode. Figure 4.3 present the apparent resistivity and phase curves measured for the XY 
and YX directions (blue and red), and the calculated average (green) at MT Stations 5, close 
to the electrodes 1 site. Figure 4.4 present the averages of the apparent resistivity and phases 
of the six MT stations, which shall be processed for a preliminary adjustment of the static 
distortions, which will allow for the comparaison of the curves. 
Sites that require static-shift corrections are characterized by a parallel offset between the TE 
and TM apparent resistivity curves (most discernable at the highest frequencies) that is not 
accompanied by a phase difference between the TE and TM phase curves over the same 
frequency range. The true resistivity value of the shallow subsurface, which both TE and TM 
apparent resistivity curves should approach at high frequencies in the absence of static 
shifting, remains unknown without a priori information [Share, 2012]. 
Berdishevsky & Dimitriev suggest a simple rule for static-shift correction – the apparent 
resistivity curves should be corrected for the static-shift at periods with coincident phases at 
the adjacent sites. The authors, in their 2008 book, consider two kinds of static distortions: 
 S−effect -  caused by variations in the conductance (S) of the upper layer underlaid by a 
resistive bedding and occuring in the descending branch of the apparent resistivity curve, 
for low frequencies, associated with the mid or lower-crust; 
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 ρ−effect - caused by small surface inhomogeneities of higher or lower resistivity ρ, 
occuring over the entire frequency range, including the ascending and descending 
branches, which carry information on the upper layers and substratum. 
For very deep soundings, down to the mantle and reaching periods of about 10.000 s, the 
static-shift correction can be done using the standard apparent resistivity curve (ρst). For all 
the situations, the authors suggest a simple rule - the apparent resistivity curves should be 
corrected for the static-shift at periods with coincident phases at the adjacent sites. 
In our application the soundings are limited to 100 s, when the descending branch was 
supposed to start, so the S-effect is not perceptible in the available set of MT curves. Using the 
phase indication in Figure 4.5, it is possible to observe that period Ts = 0.8 s marks the 
boundary between the zones with divergent (higher frequencies) and convergent (lower 
frequencies) phase curves. The analysis of this figure shows that between periods 0.8 to 10 s, 
the phases of the MT curves overlap (except for stations Arq002 and Arq004, which present 
distortions), while the corresponding apparent resistivity average curves are scattered in the 
vertical axis. It is considered that the phases of the MT curves do not overlap to the end of the 
curve because the tails of the curves are affected by higher levels of noise. The situation is 
very similar to the example of Figure 11.9 of the reference book. 
Figure 4.5 illustrates the MT average curves, which were adjusted as follows: 
 the segments interpreted as corrupted responses were removed prior to the data 
interpretation, as suggested by Padilha et al. [2016] - Arq004 was eliminated and the tail 
segments of the curves of stations Arq001 (from period 12.8 s) and Arq002 (from period 
0.8 s) were discarded, due to their significant deviations from the main trend defined by the 
soundings Arq003, Arq005 and Arq006; 
 the apparent resistivity curves were vertically adjusted for the ρ−effect, with the 
application of a multiplicative constant calculated for each curve, in order to have the five 
curves coincident with the apparent resistivity of 30 Ωm at period 0.8 s, defined by means 
of the geometric average at this period and considering that the the sum of the natural 
logarithm of the static-shifts of the set of curves should sum to zero. 
The diverging segments of the set of MT curves can be associated to ambient cultural noise or 
to the MT dead-band of low-amplitude signals, in the period range of 1–10 s. The 2D 
inversion with static-shift correction in Schlumberger’s WinGLink software is also based on 
the same assumption here adopted, that for a set of distributed MT stations, the natural 
logarithms of the static shifts should sum to zero [Share, 2012]. 
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The resultant upward and overlapping tails of the curves was considered to be representative 
of the regional basement, at the depth of about 2.5 km, calculated from an apparent resistivity 
of 30 Ωm at period 0.8 s, which is consistent with the expected basement depth at Araraquara 
(Figure 3.2). This first-approach adjustment of the static deviations of the set of MT curves 
considers that the regional crystaline basement structure is common for the area surveyed by 
the MT stations, and therefore the tails of the average MT apparent resistivity curves are 
expected to be common to the entire MT dataset. This procedure can be applied for the 
specific situation here analysed, considering the following premises: 
 the regionality of the MT survey is characterized by the close proximity of the MT stations, 
within a radius of less than 20 km, and located above the same tectonic setting; 
 the 1D inerent characteristic of a deep sedimentary basin, with the maximum sounding 
period around 100 s, where the 1D premise is still a reasonable approximation; 
 the inversion of the adjusted MT curves with good data quality (Arq01, Arq05 and Arq06) 
shows similar geoelectric structures for the MT stations. 
The spatial adjustment here applied uses only intrinsic information from the available set of 
MT data, which may allow for achieving a relative adjustment between the available apparent 
resistivity curves, but not resulting in an absolute static-shift correction of each curve, because 
the entire dataset is usually downward biased [Árnason, 2015]. Besides the premise that the 
shift factors present a Gaussian distribution around zero, which is an approximation, the 
statistical approach will not hold true for the typical electrode Site Selection, where the 
number of MT stations will rarely will be statistically relevant, being usually limited between 
6 to 12 MT stations. For these reasons the metodology here applied results in a relative 
adjustment of the static deviations of the set of MT curves, allowing for the comparison of the 
geoelectric structure of the sites and for the selection of the best one to host the electrode.  
The inversion of the original MT curves, as illustrated in Figure 4.6a, confirmed the scattering 
of the 1D models, which show no pattern, despite the fact that the MT stations are located 
within a wide and deep sedimentary basin and apart not more than 40 km. Figure 4.6b shows 
the geoelectric models of the adjusted MT curves (from Figure 4.5), down to the basement, 
and Table 4.2 present the corresponding layered models. The coherence between the models 
for stations Arq01, Arq05 and Arq06 shows that the adjustment applied was able to establish 
a common regional basement for the set of MT soundings. The proposed method is easily 
applied and is practical for the typical MT survey for HVDC electrode site selection. 
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Figure 4.3: apparent resistivity and phase curves measured for the XY and YX 
directions (blue and red), and calculated average (green) at MT Station 5. 
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Figure 4.4: MT average apparent resistivity and phases x period (s) curves sounded by 
INPE. 
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Figure 4.5: MT 1D apparent resistivity and phases x period (s) curves adjusted for the 
ρ-effect static distortion. 
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4.3.1 Evaluation of the Preliminary Adjustment of the MT Curves 
Figure 4.6 presents the inverted geoelectric models, down to the Paraná Basin basement, of 
the original set of MT curves and of the same curves adjusted for the ρ-effect static distortion. 
Refering to the conductive layer, from the original set of MT curves (a) it is possible to 
calculate the average layer with 1308 m (width) x 28 Ωm (from 14 Ωm to 120 Ωm), with a 
basement 2007 m deep (from 1450 m to 2630 m). For the adjusted set of MT curves (b) the 
average layer has 1305 m (width) x 19 Ωm (from 13 Ωm to 25 Ωm), with a basement 1981 m 
deep (from 1360 m to 2410 m). The average resistivity of the basement felt from 638 Ωm to 
355 Ωm. 
The adjustment of the curves preserved the width of the average conductive layer and the 
depth of the average basement, however, reduced the average resistivity of both the 
conductive layer and the basement. The range of all the parameters of the conductive layer 
(width, depth and resistivity) was reduced with the applied adjustment.  
 
a 
 
b 
Figure 4.6: geoelectric models, down to the Paraná Basin basement, of the original set 
of MT curves (a) and of the same curves adjusted for the ρ-effect static distortion (b). 
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4.4 ELECTRODE 1 FIRST-APPROACH GEOELECTRIC MODEL 
Figure 4.7 presents the apparent resistivity curves of the average VES Schlumberger (orange) 
and adjusted average for the MT station Arq005 (blue). The horizontal scale of the VES 
apparent resistivity curve was converted from spacing (m) to time (s) [Meju, 2005]. The MT 
apparent resistivity curve was upward adjusted so as to have the last upward segment 
coincident with the expected regional crystaline basement.  
Figure 4.8 shows the MT apparent resistivity and phase curves (black) of the adjusted MT 
station Arq005, and the calculated curves (red) with the corresponding 1D geoelectric model 
(blue line and table), which was inverted under the constraint of the shallow geoelectric model 
previously determined by the inversion of the Wenner apparent resistivity curve. 
Table 4.3 presents the interpretation of the 1D geoelectric model of the site, which is quite 
compatible with the known stratigraphic layers of the Paraná Sedimentary Basin in 
Araraquara. The first three layers, retrieved from the shallow geoelectric model, can be 
associated with the Cenozoic cover and the Cretaceous Bauru Group sandstones. 
The transition between the two geophysical methods (VES and MT) occurs in the fourth 
layer, which represents the transition of the bottom of the Bauru sandstones and the basalts on 
the top of the Serra Geral Formation. Based on water wells, the total thickness of these basalts 
is expected to be around 150-200 m [Araújo et al., 1995; Master Perfil logging in 
Araraquara]. However, the geophysical soundings were not able to distinguish the two water 
saturated ground layers – the fractured basalts and the sandstones below it. 
The fifth layer is thus representative of the Jurassic-Cretaceous São Bento Group, including 
the lower part of the Serra Geral Formation and the sandstones of the Pirambóia-Botucatu 
succession which yield the same resistivity (75 Ωm x 710 m). The sixth layer of low 
resistivity (21 Ωm x 1450 m), can be associated with the Carboniferous-Permian Passa Dois 
(marine sediments) and Tubarão (glacial and postglacial sediments) Groups, which lies 
directly on top of the about 2.23 km deep fractured crystalline basement, value quite 
compatible with the 2 km of depth expected for the basement at Ataraquara. 
If we were developing the Araraquara 1 electrode design, this would be the model to be used 
for the simulation of the electrode to calculate its design performance. A further adjustment 
could be done, considering that the first minimum of the MT curve is much lower than the 
minimum of the VES curve (see Figure 4.6), an indication that the average MT apparent 
resistivity curve is still affected by a downward static deviation that deserves some 
adjustment. 
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Figure 4.7: apparent resistivity curves - VES Schlumberger (orange) with spacings 
converted to period [Meju, 2015], and adjusted average MT Arq005 (blue). 
 
 
Figure 4.8: MT apparent resistivity and phase curves (Ωm x period/depth) – average 
(black), calculated from the model (red) and 1D geoelectric model (blue line and table). 
Table 4.2: interpretation of the first-approach 1D geoelectric model for electrode 1 site. 
Layer Resistivity Thickness Bottom Depth 
topsoil with organic matter 400 m 1 m - 
sandy and dry ground above water table (Bauru Fm.) 1000 m 4 m 5 m 
water saturated sandy soil (Bauru Fm.) 130 m 12 m 17 m 
Bauru Fm and top of Serra Geral Fm. 19 m  52 m 69 m 
Serra Geral + Botucatu + Pirambóia Formations 75 m 710 m 779 m 
Aquifers Substrate (Groups Passa Dois and Tubarão) 21 m 1450 m ~ 2.3 km 
Crystaline Basement 500 m  ∞  
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4.5 SIMULATION OF ELECTRODE 1 
The average of the 160 wells with different depths, weighted by its lengths, resulted in the 
average 27,6 m well. Considering that electrode 1 was built with steel pipes beginning at a 
depth of 5 m, the modeled electrode is composed of 160 equivalent wells, each with a steel 
pipe starting at a depth of 5 m depth and extending down to 27.6 m (Figure 4.9). The 
simulation of this electrode (with the CDEGS software) with the first-approach geoelectric 
model determined for the site, resulted in the calculated electrode resistance of 0.042 Ω. 
The 2
nd
 order polynomial trend calculated for the resistance curve (Figure 3.16) shows that the 
electrode resistance of 0,053 Ω, measured only 1.8 km from its center, is just a partial value 
that cannot be considered the actual electrode resistance. In fact, at 1.8 km distance, the 
remote ground has not been reached yet and the curve clearly shows an upward trend. The 
“remote ground” is a place far enought from the electrode, where its interference is not 
perceptible.  
The measured value of 0,053 Ω, despite being not the actual electrode resistance, is about 
26% higher than the design electrode resistance (0.042 Ω), calculated with the geoelectric 
model built from inversion of the first-approach adjusted MT curve of MT station Arq005, 
under the constraints of the shallow model. The latter was built from the inversion of the 
average Schlumberger apparent resistivity curve under the constraint of the induction 
profiling of two wells. 
The mismatch between the measured and calculated resistances indicate that the design 
geoelectric model was not able to reproduce the electrode electrical performance, therefore 
some kind of adjustment had to be applied to the geoelectric model, in order to allow for the 
correct calculation of the electrode resistance and soil surface potential profile. 
 
 
 
Figure 4.9: geometry of the equivalent electrode 1 with 160 wells (3D and top view). 
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This adjustment is done by means of an iterative processing method, with the help of the 
theoretical soil surface potential profile, calculated from successive direct (forward) 
simulations of the electrode geometry and of the geoelectric model, the latter with successive 
adjustments until it is achieved the final model and electrode electrical parameters. 
The difference between the measured resistance and the calculated value is attributed to a MT 
static deviation, a premise that can be justifyed by the fact that only one MT sounding is 
available, while the shallow model is bult from many VES soundings and from direct 
measured data (wells profiling). 
The final adjustment of the geoelectric model is obtained from the sum of the measured 
resistance at 1.8 km plus the residual resistance from this distance to the remote ground, 
which is extracted from the calculated soil surface potential profile.  
An interactive process was applied for a simultaneous adjustment of the two parameters (the 
geoelectric model and the electrode resistance). This process uses the software (CDEGS) for 
the simulation of the injection of the bipole nominal current (2625 A) into the electrode and 
iteratively adjusts the geoelectric model according to the following steps: 
 apply an arbitrary upward scale factor to the MT apparent resistivity curve and then invert 
the adjusted MT curves under the constraint of the available shallow model; 
 forward simulation of the electrode (with CDEGS), using the adjusted geoelectric model 
and injecting the nominal current, for the calculation of its resistance and ground potential 
at the measuring distance (1.8 km); 
 divide the ground potential (in Volts) at the measuring distance (1.8 km) by the injected 
current to obtain the residual resistance, which is the fraction of the electrode resistance 
from the measuring point (1.8 km) to the remote ground, and add this calculated 
complementary resistance to the measured value (0,053 Ω) to obtain the adjusted electrode 
resistance; 
 compare the two resistances – calculated by CDEGS and adjusted (measured + calculated 
residual) – if they match it means that the final geoelectric model was achieved, otherwise 
the procedure shall be restarted, adjusting the MT apparent resistivity curve with a new 
scale factor. 
Applying the iterative calculations above summarized, a final MT apparent resistivity curve 
was achieved (Figure 4.10), adjusted by an additional 1.53 scale factor, which was inverted 
under the constraint of the shallow ground model and resulted in the final geoelectric model 
of Figure 4.11 and interpreted in Table 4.3. 
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The electrode simulation with this final geoelectric model resulted in the electrode resistance 
of 0.060 Ω, with the ground potential of 20.62 V at 1.8 km for a current injection of 2625 A. 
The residual resistance from 1.8 km away can be thus calculated: 
 Rr = V (1.8 km) / In = 20.62/2625 = 0,008 Ω. 
Adding the above calculated residual resistance to the measured electrode 1 resistance at 1.8 
km results in the same resistance calculated by the simulation, with a mismatch less than 2%: 
 R = 0.053 + 0.008 = 0.061 Ω. 
Figure 4.12 presents the measured (blue, NW) and calculated soil surface potential curves, in 
two directions - N (orange) and NW (gray), referenced to the nominal current of 2625 A. The 
measured curve is the tail of the measurements presented in Figure 3.16, inverted and adjusted 
to vertically fit in the corresponding (NW) calculated curve. The measured and calculated 
curves in the NW direction fit quite well and the effect of the assymetric electrode perimeter 
is limited to a 2-km radius. The blue segment of the measured curve fits quite well in the 
calculated curve for the NW direction, remembering that this was the direction of the 
measured potential profile (see Figure 3.16).  
Figure 4.13 presents the two soil surface potential profiles calculated by CDEGS, up to the 
diatance of 26 km away from the electrode center.  
The potential calculated at 26 km is 2.5 V, a very good result for this distance, since the 
average measured pipe-to-ground potential at this same distance was 2.9 V. The differences 
between the average measured and the calculated potentials can be attributed to a local 
superposition of effects, because the pipe potential is affected by the potentials of the two 
secondary pipelines that attend the neighbouring.  
The comparaison of the calculated and measured parameters show that the applied 
methodology was able to build a geoelectrical model that reproduces the electrical 
performance of the electrode – its resistance and soil surface potential profile. 
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Figure 4.10: VES apparent resistivity curve (red) with spacings converted to period 
[Meju, 2015], first-approach adjusted average MT curve (blue) with 1.5 scale factor, MT 
curve (green) with the application of an additional 1.53 scale factor. 
 
 
Figure 4.11: 2nd order adjusted MT curves (black, Ωm x period/depth), and calculated 
(red) with the corresponding 8 layers 1D geoelectric model (blue line and table) under 
the constraint of the shallow model. 
Table 4.3: interpretation of the final 1D geoelectric model for the electrode 1 site. 
Layer Resistivity Thickness Bottom Depth 
topsoil with organic matter 400 m 1 m - 
sandy and dry ground above water table (Bauru Fm.) 1000 m 4 m 5 m 
water saturated sandy soil (Bauru Fm.) 130 m 19 m 24 m 
Bauru Fm and top of Serra Geral Fm. 29 m  62 m 86 m 
Serra Geral + Botucatu + Pirambóia Formations 115 m 850 m 936 m 
Aquifers Substrate (Groups Passa Dois and Tubarão) 34 m 2000 m ~ 2.94 km 
Basement 870 m  ∞  
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Figure 4.12: measured (blue segment, NW) and calculated soil surface potential curves 
(for the first 2 km), in two directions - N (orange) and NW (gray), referenced to the 
nominal current of 2625 A. 
 
Figure 4.13: calculated soil surface potential profiles (V x m) from electrode 1 center to 
26 km away, for an injection of 2625 A. 
0
20
40
60
80
100
120
140
0 500 1000 1500 2000
P
o
te
n
ti
al
 (
V
) 
Distance (m) 
N NW Measured
133 
5 CONCLUSIONS 
The design of HVDC electrodes is developed considering the requirements of the tender 
documentation and those established in the applicable international references [IEC, 2013; 
Cigré, 2017]. These requirements, in general, are related to the electrical and thermal 
performance of the electrodes, which are dependent on the crust structure of the site where the 
electrode will be buried. 
The core of this thesis is the proposition of a method for the combination of the multiple 
geophysical and geotechnical data into a 1D geoelectric model, which can be successively 
improved and used along the different phases of the HVDC electrode design. The concepts on 
geology and geophysics presented in Chapter 2 of this thesis can be applied to all the phases 
of the HVDC electrode design. For the electrodes site selection and design, extensive 
geophysical and geotechnical surveys shall be conducted, to allow for the construction of 
reliable geoelectric models of the electrodes sites.  
The experience with the Araraquara HVDC electrodes confirmed the premise from Rung-
Arunwan et al. [2016] that the determinant invariant of the distorted impedance is downward 
biased by distortion parameters, resulting in a more conductive regional 1D geoelectric 
model. It was needed the application of a 2.3 upward static-shift adjustment to the original 
MT apparent resistivity curve, to match the calculated and measured parameters. 
The measured electrode resistance is always a partial value, because it is not practical to make 
the measurements up to remote ground, due to costs and time available during the electrode 
commissioning work. Therefore, the final adjustment of the geoelectric model will always be 
needed. Due to this restriction, it happens that the electrode resistance will always be a 
calculated value, adjusted from a partially measured resistance. 
The simulation showed that 26 km away from the electrode center, the ground potential is 2.5 
V, compatible with the measured 2.9 V at the GASBOL pipeline [Freire et al., Sep. & Oct. 
2015]. This independent measurement reveals the good adjustment of the geoelectric model 
achieved by the proposed methodology. An independent measurement like this is not always 
possible, because it depends on the existence of a long buried metallic pipeline within the 
electrode interference area. 
The top of the fractured crystalline basement, about 2.9 km depth, is deeper than the expected 
basement depth at Araraquara (Figure 3.2). However, it shall be highlighted that the electrical 
basement depth is not supposed to be coincident with the basement determined by wells 
drilling, mainly due of the rock integrity and water content at this interface. 
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As suggested by Keller [1975] a HVDC electrode can be viewed as a big probe of the deep 
Earth, capable to probe from a few kilometers down to mid-crust, deppending of the tectonic 
setting of its location. At the same time, it is a bane for the ground surveying by electrical and 
electromagnetic methods, because its wide interference area turns it very difficult any 
surveying, even when it is operating with very low bipole unbalance currents, of the order of 
20 A [Freire et al., 2016-2017]. 
The most important conclusions that derive from this study are: 
 the combined knowledges of geosciences and electrical engineering allow for the proper 
Site Selection and dimensioning of HVDC grounding electrodes; 
 the shallow geoelectric model, developed based on geophysical and geotechnical surveys, 
can be imposed as a constraint to the invertion of the MT curves, allowing for the 
construction of a 1D geoelectric model, from soil surface down to mid-crust; 
 the proposed methodology adjusts the 1D geoelectric model for the calculation of the 
electrode electrical performance, by computer simulation, including its resistance and the 
average soil surface potential profile; 
 the 1D geoelectric model obtained by means of the combination of the electrical and 
electromagnetic techniques, after the proper vertical adjustment of the MT curve in the log-
space, will be representative, in average, of an area with radius about a few tens of 
kilometers; 
 after the electrode construction and commissioning, the data acquired during the 
commissioning measurements and the geoelectric model built for the electrode design will 
allow for a final adjustment by simultaneously processing the two datasets. 
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6 SUGGESTIONS FOR FURTHER RESEARCH 
The first suggestion if the development of a software for the joint inversion of a set of average 
VES, TDEM and MT curves, which will result on a wide range geoelectric model, from soil 
surface down to crust depths. The availability of such software will allow for the integration 
of the three geophysical methods in a single model, without the need of intermediate 
procedures and adjustments, as proposed in this thesis. 
The application here presented, based on the good-quality data supplied by INPE, was a nice 
demonstration of how to apply the proposed methodology. However, very often, the available 
MT data available is heavily distorted by noise, which difficults the first-approach adjustment 
of the apparent resistivity curves. This situation is an indicative that an important continuity to 
this research, is the development of smoothing methods to be applied to the MT curves. 
The electrode soil surface potential profile is a direct calculation, resultant from the 
dissipation into the ground of a DC current injected in the electrode. This potential profile can 
be calculated by simulation, considering the geoelectric model, the electrode geometry and 
the injected current. The equipotentials are lines of the same potential that surround the 
electrode. Close to the electrode these equipotentials will be affected by its format, but away 
from its center they tend to be circular for the 1D geoelectric model. 
In practice, the 1D geoelectric model will be always be an approximation, and the 
equipotentials will present different patterns depending on subsurface structure at the 
electrode site. A 2D/3D structure can be associated with non-circular soil surface 
equipotentials produced by the operation of the electrode, which may be associated with the 
intrinsic rock anisotropy (shales, for example), to basement faults or to the proximity of a 
geologic feature of a vertical or sub-horizontal ground volume (a basin border, for example). 
A research is suggested to establish a methodology for the inference of the expected 
asymmetries of the soil surface equipotentials, based on parameters acquired by the MT 
survey, such as the penetration depth of the MT signal for each of the MT modes, and the 
anisotropy index calculated from the TM and TE apparent resistivity curves. 
The premise of the application here presented was that the adjustments on the geoelectric 
models were to be done to the MT apparent resistivity curve. It is suggested a study of the 
geoelectric model with the use of TDEM soundings for the simultaneous adjustment of the 
shallow and deep components of the geoelectric model, to be evaluated by the measured 
electrical performance of the electrode. 
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